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ABSTRACT 
The Pontid magmatic arc developed during the l a t e Cretaceous and 
e a r l y T e r t i a r y as a r e s u l t of the northward subduction of Tethyan ocean-
f l o o r beneath "Pontian Land", due t o the r e l a t i v e northwards movement 
of A n a t o l i a . 
Two volc a n i c cycles, both basalt-andesite-dacite-rhyodacite 
sequences, can be d i s t i n g u i s h e d i n the northern H a r s i t r i v e r area. Basic 
members of the Upper Cretaceous Lower Volcanic Cycle include t h o l e i i t i c 
basalts and a n d e s i t i c lavas. They are o v e r l a i n by dacite lavas. Only 
the waning stage of t h i s cycle, the r h y o l i t e s , t u f f s and breccias, 
contain abundant p y r o c l a s t i c s . This stage i s c l o s e l y r e l a t e d t o the 
m i n e r a l i s a t i o n and c o n s t i t u t e s the host-rock horizon. The host-rock 
and i t s associated m i n e r a l i s a t i o n show s p a t i a l association w i t h the 
re g i o n a l f a u l t p a t t e r n . The e a r l y T e r t i a r y , Upper Volcanic Cycle shows 
evidence of explosive v u l c a n i c i t y i n the basalts of the Upper Basic Series. 
Dacites and rhyodacites are l o c a l l y developed and again show s p a t i a l 
a s s o c i a t i o n w i t h the f a u l t i n g . 
Both the major and trace element chemistries of the two volcanic 
cyclescidemonstrate the cl e a r separation i n t o a lower t h o l e i i t i c and an 
upper c a l c - a l k a l i n e c y c l e . The rocks show s i m i l a r chemistry to volcanics 
from i s l a n d arcs i n other areas. 
The o r i g i n of the t h o l e i i t i c magma i s ascribed to melting of "dry" 
amphibolite formed by metamorphism of Tethyan oceanic crust during e a r l y 
subduction. F r a c t i o n a l c r y s t a l l i s a t i o n of t h i s magma has led to the 
development of the Lower Volcanic Cycle. 
The c a l c - a l k a l i n e magma i s thought to have formed during a l a t e r 
stage i n the subduction process when melting of amphibolite was joined 
by m e l t i n g of b i o t i t e or phlogopite. This produced a r e l a t i v e l y "wet" 
magma which suppressed plagioclase f r a c t i o n a t i o n u n t i l a l a t e stage and 
prevented enrichment of i r o n i n the r e s i d u a l melts. The v o l a t i l e s 
-11-
produced i n t h i s process may have promoted some melting of I h e r z o l i t e 
o v e r l y i n g the subducted slab. A " h i g h - l e v e l " f r a c t i o n a l c r y s t a l l i s a t i o n 
of the c a l c - a l k a l i n e magma i s thought to have yielded the Upper Volcanic 
Cycle. 
Massive, p o l y m e t a l l i c m i n e r a l i s a t i o n i s associated w i t h the f i n a l 
phase of the Lower Volcanic Cycle. The m i n e r a l i s a t i o n i s characterised 
by a sequence i n which a q u a r t z - p y r i t e and/or s p h a l e r i t e and chalcopyrite 
stockwork ore i s o v e r l a i n by massive ore containing galena, s p h a l e r i t e , 
c h a l c o p y r i t e , b a r i t e and sulphosalts. This i s , i n t u r n , o v e r l a i n by a 
horizon i n which b a r i t e i s dominant, succeeded by hemat i t i c and/or 
manganiferous t u f f s and sediments. The ore deposits, i n t h e i r mode of 
occurrence, i n t h e i r mineralogy and morphology bear close resemblance to 
the Kuroko deposits found i n the Miocene, t h o l e i i t i c , f e l s i c volcanic 
rocks of Japan. 
The l a c k of evidence f o r the d e r i v a t i o n o f ore f l u i d s from igneous 
a c t i v i t y d uring the T e r t i a r y era, and the unmineralised nature of the 
e a r l y d i f f e r e n t i a t e s of the Lower Volcanic Cycle r e s t r i c t the m i n e r a l i s i n g 
episode to a short period of the f e l s i c . Upper Cretaceous volcanism. 
The ore f l u i d s responsible f o r the ore-bodies are thought t o be the 
m e t a l - r i c h f l u i d s t h a t separated during the f i n a l stage of f r a c t i o n a t i o n 
and s o l i d i f i c a t i o n o f the t h o l e i i t i c s i l i c a t e magma. The ascending 
magmatic ore s o l u t i o n s i n t e r a c t e d with.- sea water. This process resulted 
i n the exchange of Co, N i , Se, Mg, Ca, Na and K, i n a decrease i n 
temperature and s a l i n i t y , and i n an increase i n the oxi d a t i o n state and 
pH r e l a t i v e to the i n i t i a l composition of the magmatic f l u i d s . 
Lithogeochemical analysis and wall-rock a l t e r a t i o n patterns i n the 
host-rock and hanging w a l l may be used i n conjunction w i t h d e t a i l e d 
s t r a t i g r a p h i c a l and s t r u c t u r a l analysis to provide d i r e c t i o n a l vectors 
to determine the p r o x i m i t y of ore bodies. 
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1.1 I n t r o d u c t i o n 
The eastern Pontid (eastern Black Sea) volcanic and metallogenic 
province extends east-west along the Black Sea coast of northeast 
Turkey, from the v i c i n i t y o f Samsun to the Russian border. I t has a 
length of approximately 600 km and ; a width of about 75 km (Fig.1.1). 
2 
I n the region some 16,000 Km of volcanic rocks (Fig.1.2) contain 
approximately 60 massive sulphide deposits (Fig.4.1). 
The region i s characterised by the rugged topographical feature of 
the east-west s t r e t c h i n g Pontid mountain ranges. The maximum e l e v a t i o n 
3937 m occurs at Mount Kacgar. As a r e s u l t of high r e l i e f , the area 
c o n s t i t u t e s a great b a r r i e r between the Black Sea and the Anatolian 
i n t e r i o r , w i t h poorly developed roads only along the major r i v e r s , such 
as the r i v e r H a r s i t . Mineral e x p l o r a t i o n i n the province i s thus 
hindered by the high-topographical r e l i e f , extremely l i m i t e d a c c e s s i b i l i t y 
and dense vegetation. 
The Pontid range has been w e l l noted f o r i t s copper production since 
medieval times. The known sulphide occurrences are usually indicated 
by surface outcrops, or found i n the immediate v i c i n i t y of medieval slags. 
The area studied l i e s w i t h i n the c e n t r a l p a r t of the eastern Pontids 
and i s located i n T i r e b o l u town, Giresum province (Fig.1.1). The area 
contains the major geological u n i t s as w e l l as massive sulphide deposits. 
This study examines the geology, geotectonic s e t t i n g and the ore 
deposits o f the Pontids as a whole, i n the l i g h t of the av a i l a b l e l i t e r a t u r e , 
and considers the geochemistry and the petrology of the volcanic rocks w i t h 
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The mode of occurrence, ore mineraL^^gy, t e x t u r e and the chemistry 
of the sulphide ore bodies i n the study area are i n v e s t i g a t e d . The 
nature o f the ore forming s o l u t i o n s together w i t h some physico-chemical 
parameters involved during the m i n e r a l i s a t i o n are discussed. 
Since a l l the massive sulphide deposits i n the Pontids are conspicuously 
associated w i t h the end members of the Lower Volcanic Cycle, to t e s t the 
i m p l i c a t i o n of such assoc i a t i o n the major and minor element chemistry of 
the g e o l o g i c a l u n i t s i n the v i c i n i t y o f the ore deposits i s studied. To 
t h i s extent some l i m i t a t i o n s upon the time and space r e l a t i o n s h i p s of the 
m i n e r a l i s a t i o n i s sought. F i n a l l y possible e x p l o r a t i o n targets f o r concealed 
ore bodies are proposed. 
1.2 Orogenic Belts of A n a t o l i a 
Although a large number of published a r t i c l e s , books and unpublished 
reports are a v a i l a b l e concerning various aspects of Turkish geology, there 
i s s t i l l no o v e r a l l agreement on the t e c t o n i c features and the geological 
h i s t o r y of the country. 
The present day geotectonic s e t t i n g of Turkey developed mainly as a 
r e s u l t of the Alpine orogeny, although prealpine movements (e.g. Caledonian, 
Hercynian) have also been a c t i v e i n the region. 
During the l a s t few decades attempts have been made to d i v i d e the 
region i n t o sub-zones using large-scale l i n e a r features, such as f a u l t s , 
as the boundaries. As a f i r s t attempt, the orogenic b e l t s of Anatolia 
were d i v i d e d i n t o three u n i t s connected w i t h the Alpine u n i t s of the 
Balkans. They were, from North t o South, the Pontids, the intermediate 
massifsoof A n a t o l i a and the Taurids. (Argant, 1924; Staub, 1928; 
Seidlitz.,1931; Kober, 1931, i n K e t i n 1966). 
A r n i (1939) completed a more d e t a i l e d study of the region using a l l 
the a v a i l a b l e i n f o r m a t i o n on Turkish geology and making a comparison w i t h 
the mountain b e l t s of I r a n . According to A r n i , Anatolia can be divided 
-5-
from n o r t h t o south i n t o the f o l l o w i n g u n i t s : 
( Northern Branch 
Pontids ( 
( Southern Branch 
Anatolids 
Taurids 
I r a n i d s 
( Inner f o l d s 
Border f o l d s ( 
( Outer f o l d s 
Syrian-Arabian blocks 
Egeran (1947) attempted to define u n i t s on the basis of magmatic 
i n t r u s i o n s and metallogenic provinces. His work was somewhat more 
d e t a i l e d and complicated. However, he produced a c l a s s i f i c a t i o n of 
ten u n i t s which was very s i m i l a r to t h a t of A r n i . 
Today the most widely used simple c l a s s i f i c a t i o n i s that of Ketin 
(1966). K e t i n bases h i s c l a s s i f i c a t i o n on the orogenic development of 
A n a t o l i a . The e v o l u t i o n of A n a t o l i a s t a r t e d w i t h Caledonian and 
Hercynian movements i n the n o r t h r e s u l t i n g i n the development of the 
Pontid orogenic b e l t . The A n a t o l i d s subsequently developed at the end 
of the Cretaceous, and the t e c t o n i c development of the country was completed 
by the 01ig.ocene Taurus system i n the south and the Pliocene Border folds 
i n the south-east. K e t i n thus concluded t h a t the tectonic-orogenic e v o l u t i o n 
of A n a t o l i a proceeded g r a d u a l l y from n o r t h to south. 
Recent speculations based on the concept of global tectonics i n the 
Eastern Mediterranean and Asia Minor, however, show tha t the past movements 
of Afro-Arabia i n respect t o the Eurasian continent, and the subsequent 
c o n t r a c t i o n o f the Tethyan Ocean, would make the t e c t o n i c development of 
the region f a r more complicated than the ideas formulated by K e t i n (1966), 
and other previous workers. 
I t i s beyond the scope of t h i s work to go i n t o the geotectonic s e t t i n g 
of the country i n d e t a i l , w i t h i n which complicated epirogenetic movements. 
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orogenic events, i n t r u s i o n s , met-amorphism and intense v u l c a n i c i t y are 
widespread. A b r i e f o u t l i n e of the major u n i t s i s however presented 
below, w i t h special a t t e n t i o n being given to the Eastern Pontid Metallogenic-
Volcanic b e l t . 
The orpgenic mountain ranges of Anatolia trend i n an east-west 
d i r e c t i o n , p a r a l l e l to the present coast l i n e s of the Black Sea and the 
Mediterranean. These two b e l t s are separated by a median plateau containing 
the K i r s e h i r , Menderes, B i t l i s and other stable massifs ( K e t i n , 1966; I l h a n 
1974; Brinkmann,1976), I n a general way the northern b e l t , the Pontids, i s 
connected to the Carpathian Mountains through Bulgaria i n the west and to 
TraRS.caosasia.and the western c o n t i n u a t i o n of the Alborz mountains i n the 
east. The Black Sea oceanic c r u s t a l segment (Neprochnov, 1959; Rezahov and 
Chamo 1969) t o the Worth separates the Pontids from the Russian p l a t f o r m . 
The Dinarids and the Hellenides ferm the westerly extension of the southern 
b e l t , the Taurids. To the east the Hezsiy,e-Esfandagheh erogenic b e l t marks 
the extension of t h i s u n i t (Takin, 1972). The southern boundary of the 
Taurids i s w e l l defined by the s h e l f zone of the Arabian s h i e l d . This zone 
contains conformable sedimentation from the Phanerozoic era ( I l h a n , 1974). 
Mediterranean oceanic segments separate the Taurids from the A f r i c a n 
continent and Aegean plates to the south-west and west re s p e c t i v e l y 
(McKenzie, 1972; Papazachos,; 1976). 
1.3 The geotectonic development of the Pontids 
Very l i t t l e i n f o r m a t i o n i s a v a i l a b l e on the e a r l y Palaeozoic era of 
the region. A median massif, the so-called "Pontian Land" occupied the 
area between the southern Ukranian p l a t f o r m and the inl a n d sea. The 
l a t t e r was a p a r t of A n a t o l i a which formed a large Palaeozoic . mlogeosyncline 
( I l h a n , 1971; Brinkmann, 1974). "Pontiaa Land" was the source f o r c l a s t i c 
m a t e r i a l deposited i n the i n l a n d Anatolian sea during the middle Palaeozoic. 
The presence of c o r a l limestone i n the northwest (Tokel,1973) and of 
g r a p t o l i t e shales i n southern A n a t o l i a (Brinkmann,1976) suggest, t h a t a 
shallow water f a c i e s of t h i s sea l a y to the n o r t h . 
During the Carboniferous, Variscan (Hercynian) movements subdivided 
t h i s g e o s y n c l i n a l sea i n t o northern and southern s t r a i t s separated by a 
s h o r t - l i v e d g e a n t i c l i n e , "the North Anatolian Welt" (Brinkmann,1972, 1976). 
This u p l i f t was accompanied by g r a n i t i c i n t r u s i o n s (e.g. the Gumushane 
graniti e - I b a t h o l i t h ) forming the core of the g e a n t i c l i n e (Yilmaz,1973). 
Derived c l a s t i c m a t e r i a l from the "Pohtian Land" to the n o r t h , 
subsequent Variscan subsidence, and an e a r l y Alpine-Kiramerian transgression, 
mark an unconformity i n the T r i a s , and the development of Tethys. Along 
the n o r t h e r n margin of Tethys, i n Dobregea, the major Caucasus and the 
Kopet Dagh, a Rhaietian-Triassic unconfo,-rmity i s reported (Derwey et a l , 1973), 
I n southern A n a t o l i a , T r i a s s i c s t r a t a are widespread (Brinkmann, 1976, p.43) 
suggesting t h a t the e a r l y Alpine movements were not equally e f f e c t i v e over 
the whole of A n a t o l i a . 
During the Lias and Dogger a deep trough formed, bordered to the north 
by the "Pontiian Land" (Brinkmann, 1974; A k i n c i , 1974; Adamia , 1975; 
Cagatay, 1977). This area probably had an oceanic c r u s t p r i o r to the 
movements of Afro-Arabia r e l a t i v e t o Eurasia, which resulted i n development 
of t h i s Jurassic g u l f (trough) i n Tethys. 
The general northward d r i f t of the Afro-Arabian continent continued i n 
the l a t e Mesosoic. This led to a narrowing of the Lias-Dogger trough and 
a marine transgression over the southern margin of the c o n t i n e n t a l "Pontian 
Land". At t h i s time subduction of the northward dipping oceanic crust 
and o v e r l y i n g pelagic sediments, beneath "Pontian Land" began. Formation 
o f t h e extensive: t h o i e i i t i c , c a l c - a l k a l i n e Upper Cretaceous-Eocene volcanic 
rocks described by Tugal (1969), A k i n c i (1974), P e c c e i i l l & and Taylor (1976, 
1977) and Cagatay (1977) was probably i n i t i a t e d by t h i s middle-upper 
Cretaceous subduction process. This led to the development of the Pontid 
i s l a n d arc (Adamia,1975; Adamia e t a l , 1977)which'was-separated from southern 
Russia by a marginal sea. 
The main succession of Miesozoic o p h i o l i t i c rocks along the southern 
p a r t of the present Pontids (Fig.1.2) has been evaluated i n recent years 
(Ilhan,1964; Brinkmann, 1972; I l h a n , 1974; Ataman et a l , 1975). The 
rocks comprise an upward sequence of u l t r a m a f i c rocks w i t h subordinate 
gabbros, b a s a l t i c dikes, p i l l o w lavas and minor tuffaceous mat e r i a l and 
f i n a l l y r a d i o l a r i a n c h e r t s . The l i t h o l o g y and the s t r a t i g r a p h y of these 
rocks c l e a r l y resembles t h a t of the oceanic c r u s t ( c . f . Gass, 1977). A 
r e l a t i v e absence of contact phenomena between the o p h i o l i t e s and the country 
rock (Brinkmann, 1974) i n d i c a t e t h a t they were t e c t o n i c a l l y emplaced i n t o 
t h e i r present p o s i t i o n a s ; C O o l a n d s o l i d masses. Dewey and B i r d (1970) have 
suggested t h a t the o p h i o l i t i c rocks of erogenic b e l t s are t e c t o n i c a l l y 
emplaced oceanic c r u s t and mantle m a t e r i a l s . According to Dixon and Pereira 
(1974, p.187), t h e i r present p o s i t i o n s mark the sutures along which plates 
met and j o i n e d . The o p h i o l i t i c suture zone to the south of the Pontids, 
along the well-known North A n a t o l i a n F a u l t , therefore i n d i c a t e s that the 
i n t e r v e n i n g Tethyan Ocean has been consumed (Fig.1.2). 
A chaotic melange (B a i l e y and McCallien, 1953), occurs between the 
Pontid v o l c a n i c b e l t and the main o p h i o l i t e s . I n t h i s Zone c l a s t i c 
m a t e r i a l s , probably derived from the erosion of "Pontian Land" together 
w i t h some o p h i o l i t i c masses are encountered f r e q u e n t l y . The l a t t e r are 
i n t e r p r e t e d as shredded ocean f l o o r and according to Dewey and Bi r d (1970) 
t h i s type of a s s o c i a t i o n probably i n d i c a t e s the p o s i t i o n of a trench. 
Palaeomagnetic data, and a v a i l a b l e pole p o s i t i o n s (Van Der Voo, 1968), 
i n d i c a t e t h a t A n a t o l i a has e s s e n t i a l l y t r a v e l l e d as a part of A f r i c a i n 
the l a t e M e s o z o i c . A recent palaeobiogeographical discovery i n the 
western Pontids shows strong faunal s i m i l a r i t i e s between northern Anatolia 
and Eurasia (Andrews and Tobien, 1977). On the basis of t h i s evidence, 
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together w i t h the o p h i o l i t i c suture zone, i t i s suggested t h a t the Pontids 
are g e n e t i c a l l y r e l a t e d t o the Eurasion Pla t e , not to the Afro-Arabian 
or A n a t o l i a n p l a t e s . 
The occurrence of red beds and arkosic sandstone (Tokel, 1973), and 
a marly limestone series (Kamen-Kaye, 1971) on both sides of the o p h i o l i t i c 
rocks i s assumed t o i n d i c a t e the development of an e p i c o n t i n e n t a l sea where 
the Upper Cretaceous-Eocene transgression had reached i t s maximum extent. 
Further emplacement of the d i s i n t e g r a t e d oceanic crust led t o development 
of some Eocene o p h i o l i t e s . (Not to be confused w i t h the magmatic age of 
the s e r i e s , see Smith, 1973). This implies t h a t closure, or reduction i n 
s i z e , of the ocean took place as l a t e as the e a r l y T e r t i a r y . 
Adamia et a l (1977) suggest t h a t , the Black Sea owes i t oceanic 
character t o Paleocene, Black Sea-South Caspian Sea r i f t i n g i n which i n i t i a l 
b a s a l t i c spreading took place i n the middle Eocene, producing the non-granitic 
p a r t s o f the basin. The necessary heat to produce such a r i f t system may have 
been derived from the subducted slab (Toksoz M.N.,M.I.T., pers.comm.) 
described above. 
Towards the end o f the Eocene the Pontid b e l t was subjected to 
Pyrehean f o l d i n g (Brinkmann, 1976, p.103). This f o l d i n g was accompanied 
by g r a n i t i c t o g r a n o d i o r i t i c i n t r u s i v e s together w i t h some porphyries. 
They mark the l a s t magmatic a c t i v i t y i n the region. 
Since the Oligocene the continuously subsiding Black Sea basin has 
become the foredeep of the Pontid volcanic b e l t . Their high mountainous 
character has been achieved through the v e r t i c a l movements and i s o s t a t i c 
adjustment associated w i t h the r i f t i n g i n the Black Sea. 
1.4. The S t r a t i g r a p h y of the Eastern Pontids 
The s t r a t i g r a p h y of the region has- been compiled and has been 
presented i n the Explanatory Text o f the Geological Map of Turkey f o r 
Samsun and Trabzon Sheets on a 1:500 000 scale (GatJtinger et a l , 1962'; 
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Goksu et a l , 1974). Based on more d e t a i l e d studies i n the region. 
Table 1.1 shows the general s t r a t i g r a p h y , and the comparative terminology 
of the eastern Pontid region, at d i f f e r e n t l o c a l i t i e s from west t o east. 
D e s c r i p t i o n of the formations i s as f o l l o w s . 
1.4.1 Basement: 
The c r y s t a l l i n e basement of the eastern Pontids i s believed to 
036 
be of Palaeozoic/and was a f f e c t e d by the Hercynian orogeny. 
The o l d e s t exposed rocks i n the region are folded gneisses and s e r i c i t e -
b i o t i t e s c h i s t s . A s t r a t i g r a p h i c c o r r e l a t i o n of the c r y s t a l l i n e basement 
w i t h the neighbouring areas suggests a Cambrian age ( S c h u i l i n g , 1962). 
I n the western Pontids (Daday massi f ) , the basement i s comprised of basal 
conglomerates of Cambrian age followed by o r t h o - q u a r t z i t e s and s i l t s t o n e s . 
The l a t t e r c o n t a i n i n a r t i c u l a t e brachiopods i n d i c a t i n g a Cambrian to 
Ordovician age (Demirtasli,1975). A recent c o r r e l a t i o n between the 
Proterozoic c r y s t a l l i n e basement of the Ukranian Shield and the Pontid 
region suggests t h a t the gneissic rocks of the eastern Pontids are younger 
than t h e i r southern Russian counterparts (Brinkmann, 1974), although both 
have s i m i l a r planes of s c h i s t o s i t y . The upper p a r t of the metamorphic 
series i s o v e r l a i n by f o s s i l i f e r o u s hpermo-Carboniferous arkose, q u a r t z i t e 
and sandy s c h i s t s . These rocks are i n t e r s t r a t i f i e d w i t h minor amounts 
of a c i d i c lavas and t u f f s ; limestones occur near t o the top of the 
sequence. 
Major igneous a c t i v i t y i n the region i s marked by Palaeozoic g r a n i t i c 
and g r a n o d i o r i t i c i n s t r u s i o n s . A v a i l a b l e geochronological data on the 
Gumushane b a t h o l i t h (Fig.1.2) suggests an age of 300 m.y.B.P. (Cogulu,1970, 
i n A k i n c i , 1974) i n d i c a t i n g i t s emplacement during the Hercynian orogeny. 
1.4.2 Lower Basic Series and Base Volcanic Rocks: 
These rocks are mainly composed of basic volcanics, i n the form of 
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i n t r u d e i n t o , t h e c r y s t a l l i n e basement. I n the Cayeli area they consist 
of t h o l e i i t i c b a s a l t s , andesites and breccias (De Geoffio-y, 1960). 
S p i l i t e s and S p i l i t i c keratophyres, w i t h minor amounts of t u f f , represent 
the s e r i e s i n the Hopa-Murgul region as described by Kraeff (1963). I n 
the west of the Province of Giresun, the s p i l i t i c keratophyres and 
andesites are o v e r l a i n by the "Inoceramus limestone and t u f f i t e " 
commonly c a l l e d the " p e l i t i c limestone and t u f f s " . The whole sequence 
i s r e f e r r e d t o as "the Lower Basic Series" by A k i n c i , 1974. I n the study 
area they form the lowermost u n i t and are mainly represented by t h o l e i i t i c 
basalts and ande,|ites. 
As yet a d e f i n i t e age cannot be given to t h i s u n i t , Tugal (1969) 
suggests Jurassic-Upper Cretaceous, while P e c c e r i l l o and Taylor (1975) 
and the present study support the Upper Cretaceous age. Various reports 
r e l a t e t o basic volcanism i n the region before the major episode of Upper 
Cretaceous, subduction i n i t i a t e d volcanism of the Lower Basic Series. 
They i n c l u d e the "Base volcanic rocks" of Schultze-Westrum (1961) indicated 
i n Table 1.1. There are no geochemical studies a v a i l a b l e on these e a r l y 
v o l c a n i c s . They include those r e l a t e d t o the Kure ore-deposits of Jurassic 
age, s i m i l a r to volcanics associated w i t h Cyprus-type ore deposits 
(Cagatay, 1977). They most probably r e s u l t , therefore., from volcanism 
associated w i t h the oceanic s e t t i n g of the Lias-Dogger trough. The term 
Lower Basic Series i s th e r e f o r e used only f o r those rocks whose formation 
i s associated w i t h the Middle-Upper Cretaceous subduction processes i n the 
region. 
1.4.3 A c i d i c Volcanic Rocks: 
These rocks are probably the most c l o s e l y studied due to t h e i r 
r e l a t i o n s h i p w i t h the major phase o f the m i n e r a l i s a t i o n . T h e i r s t r a t i g r a p h y 
i s very complicated. They can be divided i n t o three major u n i t s : 
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c. D a c i t i c r h y o l i t i c . l a v a t u f f and breccias 
b. Quartz-feldspar, porphyries 
a. D a c i t i c lava flows, s i l l s and dykes 
S i m i l a r d i v i s i o n s were suggested previously f o r these rocks but did 
not o f t e n r e f e r to the presence of the r h y o l i t i c lava, t u f f and breccias. 
I t i s w i t h these rocks t h a t massive sulphide m i n e r a l i s a t i o n i s closely 
associat0d.. 
I n the Miargul area, the m i n e r a l i s a t i o n i s confined to the Lower 
D a c i t i c Series which i s l o c a l l y c a l l e d a l b i t e - d a c i t e I . . Unaltered greenish 
and somewhat coarse-textured, a l b i t e d a c i t e I I forms the upper -unmineralised 
parts of t h i s series (Kraeft,1963). I n the Cayeli area Dacite I I i s not 
present, m i n e r a l i s a t i o n occurs i n Dacite I and i n the o v e r l y i n g pyroclasts 
and t u f f s (Cagatay, 1977). I n the v i c i n i t y of the well-known Lahanos ore 
f i e l d , the a c i d i c volcanic rocks have been divide d i n t o two u n i t s and 
termed "The Lower and Upper Volcanic Series". The former i s , "....possibly 
characterised by e i t h e r a s i n g l e composite lava flow containing three 
d i f f e r e n t lava u n i t s or by three d i f f e r e n t lava flows" (Tugal, 1969). 
The l a t t e r i s mainly composed of a l t e r n a t i o n s of lava flows, p y r o c l a s t i c s 
and marine sediments. P y r i t i c sulphide m i n e r a l i s a t i o n o f t e n occurs near 
the contact of the two u n i t s but can also be found w i t h i n the Upper Volcanic 
Series ( I b i d ) . 
Quartz-feldspar porphyries are the i n t r u s i v e equivalents of the 
d a c i t i c lavas. Brinkmann (1976) termed these rocks 'dacite' but to 
d i s t i n g u i s h them from the e a r l i e r e x t r u s i v e dacites described above, these 
i n t r u s i v e rocks a r e b e s t c a l l e d quartz-feldspar porphyry. Quartz-feldspar 
porphyries of t h i s age occur throughout the region. Their presence has 
been reported i n the Mrurgul area, where they are c a l l e d "Dacite I I " 
( K raeff,1963). To the south of the G&yeli area they are composed of 
fe l d s p a r and quartz phenocrysts together w i t h some mafic minerals, set i n 
a glassy groundmass. They have been termed "Quartz-feldspar porphyries" 
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by Cagatay (1977). 
The volume of acid volcanic rocks increases from Samsun towards the 
east. Near Giresun, Trabzon and A r t v i n , calcareous marine sediments 
are i n t e r c a l a t e d w i t h the volcanics (Fig.1.2). They are of Santonian 
to Gampanian age (Tugal,1969; Brinkmann,1976, p.54). 
1.4.4 The Upper Volcanic Series: 
They consist of the Upper Basic Series and t h e i r acid members of 
the d a c i t i c t o r h y o d a c i t i c composition. 
Widespread basic volcanism i s commonly observed along the coastal 
region, where i t o v e r l i e s the whole of the s t r a t i g r a p h i c a l u n i t s described 
above, and sometimes caps the m i n e r a l i s a t i o n , e.g. i n the Cayeli Region. 
I n Gumushane province c a l c - a l k a l i n e b a s a l t i c t o a n d e s i t i c lavas and t u f f s , 
associated w i t h some sedimentary rocks, represent t h i s series (Tokel,1973). 
The same c a l c - a l k a l i n e u n i t i s observed, near Kastomonu province ( P e c c e r i l l o 
and Taylor,1976). The rocks can be e i t h e r lavas associated w i t h agglomerates 
and t u f f s , or i n t r u s i v e d o l e r i t e sheets or dykes. 
Terminology i s not consistent f o r the acid members of the u n i t , they 
are termed A l b i t e - D a c i t e I I I i n Hopa-Murgul region by Kraeff (1963). I n 
the Lahanos area b i o t i t e - q u a r t z - f e l d s p a r porphyry forms a huge dome-shaped 
i n s t r u s i v e body, o f t e n r e f e r r e d to as the "Lahanos Tepe D a s i t i " Pollak (1961) 
or "hypa bysal d a c i t e " . I t has an i n t r u s i v e , as w e l l as an exjjrusive 
character (Tugal,1969). 
Brinkmann (1976) r e p o r t s the abundance of the M.aestrichtian carbonate 
sedimentation i n the region. This may suggest a waning of the submarine 
v u l c a n i c i t y i n the uppermost Cretaceous i n the Pontids (e.g. the Lower 
Basic Sieries and the a c i d i c volcanic rocks) p r i o r to the new b a s a l t i c -
a n d e s i t i c volcanism which s t a r t e d i n the Eocene and formed the so-called 
'Upper Volcanic S e r i e s " . 
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1.4.5. T e r t i a r y Igneous I n t r u s i v e s : 
A number of g r a n i t i c plutons occur i n the cores of a n t i c l i n e s 
(Brinkmann,1976). They are probably syntectonic and s o l i d i f i e d under 
a r a t h e r t h i n cover. From t h e i r contact r e l a t i o n s h i p w i t h Eocene 
volcano-sedimentary formations (Tokel 1973) and (Cagatay 1977) suggest 
th a t they are younger than Eocene. One radiometric age of 40 m.y. B.P. 
i s a v a i l a b l e from the 100 km long Tatos b a t h o l i t h near Rize province 
(Delaloye e t a l , 1972 i n Brinkmann,1976). 
These i n s t r u s i v e s are commonly recorded i n the Pontids. They include 
the a l b i t e - t o n a l i t e of the Murgul Mine (Kraeff,1963), the t o n a l i t e g r a n i t e , 
w i t h a w e l l developed contact aureole zone, i n the Lahanos area (Tugal, 
1969) and the q u a r t z - m i c r o d i o i r i t e t o the south o f the Bulancak mine 
(Akinci,1974). I n t r u s i v e g r a n i t i c bodies near H a r s i t and Emeksan 
v i l l a g e s to the south of Espiye are of s i m i l a r age. 
1.4.6. The Young Basic U n i t : 
Minor episode^ of the volcanism i s composed of andesites, basalts 
and o l i v i n e basalts i n the Murgul mine (Kr a e f f , 1963), and of a n d e s i t i c 
b r e c c i a , v o l c a n i c conglomerate and some d o l e r i t e dykes i n the Cayeli 
Region (Cagatay,1977). Along the Artwin-YusufeliHighway dykes and s i l l s 
of b a s a l t and d o l e r i t e of t h i s age f r e q u e n t l y cut the T e r t i a r y g r a n o d i o r i t i c 
i n t r u s i v e s (Popovic,1975). The u n i t i s not present i n the study area. 
1.4.7 Sea and River Terraces and G l a c i a l Deposits: 
A few marine Oligocene deposits along the coastal s t r i p of Trabzon, 
and at Unye f o r example, show t h a t the southern coast of the ancient Black 
Sea was almost i d e n t i c a l w i t h the present shore l i n e (Brinkmann, 1976). 
Sea and r i v e r t e r r a c e s , and a l l u v i u m deposits, are fre q u e n t l y encountered 
along the c o a s t a l - l i n e . Sea terraces are found at about 200 m. O.D. They 
i n d i c a t e the l a t e s t epirogenic movements. 
G l a c i a l moraiine deposits were formed i n the Pleistocene g l a c i a l epoch 
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on the high plateau regions i n the south. They extend almost p a r a l l e l 
to the c o a s t l i n e . A well-known g l a c i e r moraine deposit i n the eastern 
Pontids occurs on Kacgar mountain (FigJL,1 Messerli, 1967 i n Brinkmann 1976). 
1.5 S t r u c t u r a l Geology of the Eastern Pontids 
The southern boundary of the Pontids i s w e l l defined by the most 
s e i s m i c a l l y a c t i v e feature i n Turkey - the North Anatolian Fault system. 
Along t h i s f a u l t zone, which i s over a 1000 km long, many d e s t r u c t i v e 
earthquakes have occurred. 
The f i r s t s t r u c t u r a l d e f i n i t i o n o f the Pontids was given by Oswald 
(1912) who r e f e r r e d to the area as "the Northern Broken Mass". Oswald 
claimed t h a t during the compressional phase of the Alpine Orogeny the 
presence of the r i g i d masses of volcanics led t o block u p l i f t and 
subsidence. This view has been supported i n recent years, although the 
terminology has changed somewhat to include the terms "Horst" and "Graben" 
(Zankl,1961; Gattinger e t al,1962; Kronberg,1970; Goksu e t al,1974). 
None of these reports i n d i c a t e any formation of major thrusts, nappes or 
p a r a l l e l f o l d i n g of t y p i c a l Alpine s t y l e t e c t o n i c s i n the region. 
From the s t r u c t u r a l viewpoint, as w e l l as the regional geology, a 
d i s t i n c t i o n must be made between the Palaeozoic basement and the o v e r l y i n g 
Mesozoic and T e r t i a r y formations. The l a t t e r , as described i n the previous 
s e c t i o n , have been mainly a f f e c t e d by the Alpine movements. The Palaeozoic 
basement, however, was refolded and the e a r l i e r planes of s c h i s t o s i t y and 
the d i r e c t i o n s of f o l d s were v i r t u a l l y destroyed during the Alpine orogeny. 
This l e f t very l i t t l e i n f o r m a t i o n on the e a r l i e r d i r e c t i o n s and sense of 
f o l d i n g i n the u n i t . B o c c a l e t t i et a l (1968 p.675), however, i n d i c a t e d 
t h a t a sharp contrast e x i s t s between the f o l d trends of the metamorphic 
rocks (basement) and those of the o v e r l y i n g Mesozoic-Tertiary formations. 
They s t a t e t h a t the f o l d d i r e c t i o n s of the basement rocks agree c l o s e l y 
w i t h those of the southern Russian metamorphic u n i t , and are e s s e n t i a l l y 
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disposed i n a NNE-SSW or N-S d i r e c t i o n . The o v e r l y i n g Mesozoic-Tertiary 
u n i t s trend WNW-ESE, t h i s trend being a t t r i b u t e d t o the compressional N-S 
nature of the Alpine orogeny, r e s u l t i n g from the r e l a t i v e northward 
movement o f the An a t o l i a n P l a t e . 
Gattinger e t a l (1962) pointed out t h a t , while the c r y s t a l l i n e basement 
i s i n t e n s e l y folded i t s Mesozoic-Tertiary cover i s f a r less a f f e c t e d by f o l d i n g . 
Since the l a t t e r l a r g e l y comprise fine-grained volcanics i n the eastern 
Pontids, the common response to compressional deformation i n the region 
would most l i k e l y be f a u l t i n g . The volcano-sedimentary Mesozoic-
T e r t i a r y formations g e n e r a l l y s t r i k e i n a E-W d i r e c t i o n and have a gentle' 
r e g i o n a l d i p towards the Black Sea (No r t h ) . This northward d i p of the 
Pontids i s augumented by a series of step f a u l t s roughly p a r a l l e l to the 
coast o f the Black Sea, and generally downthrown t o the n o r t h . According 
to Kayaalp (pers.comm.) three of these steps, together w i t h t h e i r associated 
f a u l t planes, may be recognised on the Samsun-Trabzon highway, near Trabzon. 
A photogeological i n t e r p r e t a t i o n of the f a u l t trends by Kronberg (1970) 
o o 
revealed t h a t the eastern Pontids have two dominant trends, 50 -60 and 
120°-130°. This agrees w e l l w i t h the trends measured i n the study area, 
i n the Cayeli region (Cagatay,1977), and from the Murgul mine (Kraeft,1963), 
where i n t e r s e c t i o n of these f r a c t u r e s exerts a c o n t r o l on the ore 
de p o s i t i o n (Snelgrove,1971). Examination o f the Black Sea c o a s t l i n e o f 
northeast Turkey (Fig.1.3) suggests t h a t i t i s also c o n t r o l l e d by these 
two dominant f a u l t trends. 
The a f f e c t s of f a u l t - t e c t o n i c s on the m i n e r a l i s a t i o n have been studied 
i n the eastern Pontids. Pollak (1968) implied t h a t the m i n e r a l i s a t i o n 
was mainly influenced by the line.a ments, such as f a u l t s ; the p y r i t i c 
.o o mi n e r a l i s a t i o n p r e f e r r i n g the 50 -60 f r a c t u r e system, while copper i s 
ge n e r a l l y found along the 120°-130° oriented f a u l t set. According to 
Gumus (1970), the 50° f a u l t trend i s r e l a t e d t o the main m i n e r a l i s a t i o n 
phase, w h i l e the set at 120° o f t e n c o n t r o l s the d i s p o s i t i o n o f a l a t e r 
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phase of impregnated m i n e r a l i s a t i o n . A k i n c i (1974) has put forward a 
c o n t r a d i c t o r y view to that of Gumus. I n a d e t a i l e d study of vein-type 
m i n e r a l i s a t i o n i n the Bulancak area he suggested that "Data obtained from 
isotherms i n d i c a t e s t h a t the ore-bearing f l u i d s rose along NW-SE trending 
f a u l t s " , these are presumably the 120° s e t . 
The presence of dome s t r u c u t r e s , and t h e i r c l o s e a s s o c i a t i o n with 
the massive-type m i n e r a l i s a t i o n , are commonly reported i n the region 
(Oner and Iwao, 1974, p.33; Cagatay,1977, p.56). K i e f t (1955) described 
a f e l s i t i c l a v a dome near to the I s r . a i l mine, and documented i t s r e l a t i o n 
to the p y r i t i c massive ore body. U n t i l r e c e n t l y , t h i s a s s o c i a t i o n had 
re c e i v e d s c a n t a t t e n t i o n as a c o n t r o l of ore d e p o s i t i o n , but i t has been 
re-emphasised i n the present study, p a r t i c u l a r l y i n the Harkkoy mine, and 
p o s s i b l y i n the H a r s i t mine. 
There appears to be a good c o r r e l a t i o n between magmatic a c t i v i t y and 
the dominant f a u l t p a t t e r n s of the region. Tugal (1969) suggested that 
hypabyssal rocks i n the Lahanos area trend i n a NW-SE d i r e c t i o n while 
Popovic(1975) reported that small i n t r u s i o n s o f g r a n o d i o r i t e i n t h e e a s t e r n 
Pontids trend NE-SW. To the west of Trabzon i n t r u s i o n s of g r a n i t i c rocks 
and r h y o l i t i c and d a c i t i c domes are a l s o disposed along the hEE-SW d i r e c t i o n 
(Oner and Iwao, 1974). A c a r e f u l a p p r a i s a l of the d i s p o s i t i o n of the major 
massive s u l p h i d e and Mn d e p o s i t s , d e p o s i t s of Yarmaden, I s r a i l , Yersuyu, 
Dikmen, K i z i l k a y a , Catakkopru and Harkkoy, A s l a n c i k , Guce, Lahanos and 
f i n a l l y Koprubasi, Y a l e K a r a e r i k , K a r i l a r , Y i v d i n c i k , Madenkoy suggests 
t h a t they too may l i e along three p a r a l l e l NE-SW lineaments ( F i g . 1 . 3 ) . 
T h i s i s perhaps not s u r p r i s i n g i f one accepts a g e n e t i c connection between 
t h i s type of deposit and i n t r u s i v e r h y o l i t i c and d a c i t e domes, an 
a s s o c i a t i o n which i s w e l l documented fo r the Japanese Kuroko deposits 
( H o r i k o s h i , 1969; Ishihar.a, 1974). 
The b r i e f review given above suggests that the d i s t r i b u t i o n of the 
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main types of m i n e r a l i s a t i o n i s c l o s e l y a s s o c i a t e d with the f a u l t p a t t e r n . 
These f a u l t s must have provided the channel-ways f o r the hydrotherraal 
s o l u t i o n s r e s p o n s i b l e f o r the m i n e r a l i s a t i o n . F r a c t u r e - f i l l i n g c l e a r l y 
l e d to the v e i n type of m i n e r a l i s a t i o n described by A k i n c i (1974). The 
same dominant f r a c t u r e p a t t e r n a l s o acted as the feeders f o r the magmatic 
a c t i v i t y , i n c l u d i n g p a r t i c u l a r l y the emplacement of the l a v a domes. These, 
i n turn, are c l o s e l y a s s o c i a t e d i n time and space with the formation of 
the massive sulphide d e p o s i t s such as those a t Harkkoy and Harsit-Koprubasi. 
I n d e t a i l the massive ore-bodies (Harkkoy and Harsit-Koprubasi) are 
di s r u p t e d by normal f a u l t s . These f a u l t s have s i m i l a r general s t r i k e to 
the r e g i o n a l p a t t e r n s d e s c r i b e d above, but they post-date the m i n e r a l i s a t i o n , 
and thus have no d i r e c t g e n e t i c connections. Emplacement of the l a v a domes 
and a s s o c i a t e d m i n e r a l i s a t i o n p r o b a b l y introduced l o c a l s t r e s s e s , which i n 
turn produce f a u l t i n g . These would tend to be c o n c e n t r i c to the l a v a dome, 
or would adopt e a r l i e r d i r e c t i o n s by r e - a c t i v a t i o n of p r e v i o u s l y e s t a b l i s h e d 
f a u l t p l a n e s . These f e a t u r e s are w e l l i l l u s t r a t e d by the Harkkoy and 
Har s i t - K o p r u b a s i d e p o s i t s where t h i s l a t e f a u l t p a t t e r n conforms i n a general 
way w i t h the r e g i o n a l trend, though a s l i g h t tendency to c o n c e n t r i c i t y i s 
shown a t Harkkoy, ( F i g . 5 . 9 ) . The l a t e normal f a u l t i n g has throws of up 
to 60 m and, i n a general way, the down thrown s i d e i s away from the l a v a 
dome. T h i s suggests that the f a u l t s do indeed r e s u l t from compensations 
r e l a t e d to the emplacement of the dome. They cause some d i f f i c u l t y i n 
e s t i m a t i n g the l a t e r a l and v e r t i c a l extent of massive ore-bodies, and 
without d e t a i l e d d r i l l i n g , make e s t i m a t i o n of the tonnage of a deposit 
d i f f i c u l t . 
The s e a r c h f o r b l i n d massive sulphide ore deposits i n the e a s t e r n 
Pontids, thus, r e q u i r e s a good s t r u c t u r a l a n a l y s i s , i n c l u d i n g the r e c o g n i t i o n 
of the r e g i o n a l f a u l t p a t t e r n and major lineaments, the d i s t r i b u t i o n of ac i d 
l a v a domes and d e f i n i t i o n of the consequent f a u l t p a t t e r n s . The domes are 
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g e n e t i c a l l y a s s o c i a t e d w i t h the massive, p o l y m e t a l l i c m i n e r a l i s a t i o n , 
w h i l e the l a t e r f a u l t s e x e r t a c o n t r o l on i t s subsequent d i s p o s i t i o n . 
The massive, p o l y m e t a l l i c sulphide de p o s i t s should a l s o be c l e a r l y 
d i s t i n g u i s h e d from the v e i n type m i n e r a l i s a t i o n whose d i s p o s i t i o n i s 
c l o s e l y a s s o c i a t e d w i t h the r e g i o n a l f a u l t p a t t e r n as described by 
P o l l a k (1968) and A k i n c i (1974). 
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CHAPTER TWO 
FIELD OCCURRENCE AND PETROGRAPHY OF THE COUNTRY ROCKS 
2.1 I n t r o d u c t i o n 
The Pontid V o l c a n i c Province i s one of the most a c t i v e mineral 
e x p l o r a t i o n regions i n Turkey and has tremendous p o t e n t i a l . Most of 
the r e s e a r c h undertaken i n the region i s thus confined to the v i c i n i t y 
of m i n e r a l i s e d a r e a s . I n regions b e l i e v e d to be away from the 
m i n e r a l i s a t i o n , there has been l i t t l e d e t a i l e d fieldwork and few 
p e t r o l o g i c a l and geochemical o b s e r v a t i o n s . Studies based on m i n e r a l i s e d 
a r e a s , however, always i n c l u d e a d i s c u s s i o n of the petrology of the 
a s s o c i a t e d v o l c a n i c s . I n g e n e r a l , these observations are i n c o n c l u s i v e 
owing to the e x t e n s i v e hydrothermal a l t e r a t i o n and chemical weathering 
of the v o l c a n i c s i n these a r e a s . 
The main purpose of t h i s study i s to evaluate the sulphide ore 
bodies i n the northern H a r s i t r d v e r area and to attempt to e s t a b l i s h an 
e x p l o r a t i o n programme f o r the Pontids as a whole. To t h i s end, the nature 
and e v o l u t i o n of the v o l c a n i c s i s of prime importance i n f i n d i n g favourable 
m i n e r a l i s e d h o r i z o n s . The general c h a r a c t e r i s t i c s of the v o l c a n i c 
sequence can be e s t a b l i s h e d provided that the e f f e c t s of hydrothermal 
a l t e r a t i o n a s s o c i a t e d with m i n e r a l i s a t i o n , and chemical weathering, can 
be d i s t i n g u i s h e d . Minimisation of i n t e r f e r e n c e by the f i r s t f a c t o r 
may be achieved by c o n c e n t r a t i n g on v o l c a n i c s i n areas away from known 
m i n e r a l i s a t i o n . Some 200 s u r f a c e rock samples were c o l l e c t e d from 
v o l c a n i c s assumed to f a l l i n t o t h i s category, s e v e r a l unaltered or 
weakly a l t e r e d (weathered), r e p r e s e n t a t i v e samples from each s t r a t i g r a p h i c a l 
h o r i z o n being c o l l e c t e d . The remaining v o l c a n i c rocks, approximately 
350 samples, are from m i n e r a l i s e d a r e a s . 
The 1:25000 s c a l e g e o l o g i c a l map of the northern H a r s i t r i v e r area 
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( F i g . 2 . 1 ) covers approximately 225 km . This map i s a considerable 
m o d i f i c a t i o n of that produced by Van der Kaaden (1967). I n a d d i t i o n to 
the above, more d e t a i l e d g e o l o g i c a l maps have been produced for the 
H a r s i t ( F i g . 5 . 1 ) and Harkkoy ( F i g 5.9) mine a r e a s . S e v e r a l v i s i t s 
were made to the surrounding areas i n an attempt to e s t a b l i s h a l a t e r a l 
c o r r e l a t i o n w i t h the study a r e a . 
The f o l l o w i n g l i s t g i v e s the E n g l i s h t r a n s l a t i o n of T u r k i s h place 
names and topographical f e a t u r e s which appear on the g e o l o g i c a l maps: 
Inkoy - I n v i l l a g e 
Mahalle - Hamlet 
Tepe ( T . ) - H i l l , peak 
Dag, Dagi - Mountain 
Dere (D) - Stream 
Nehir (N) - R i v e r 
2.2 G e o l o g i c a l S u c c e s s i o n 
The f o l l o w i n g u n i t s may be recognised i n the northern H a r s i t r i v e r 
a r e a . T h e i r l a t e r a l correspondence w i t h other p a r t s of the e a s t e r n 
Pontids has been b r i e f l y summarised p r e v i o u s l y , t a b l e 1.1 (p.11 ) . 
The u n i t s are: 
2-Upper V o l c a n i c 
C y c l e 
1-Lower V o l c a n i c 
C y c l e 
f - D a c i t e - rhyodacite 
e - Upper B a s i c s e r i e s , d o l e r i t e s 
d - Sedimentary S e r i e s 
c - D a c i t i c - r h y c i i t i c l a v a , t u f f and b r e c c i a 
b - D a c i t i c rocks, q u a r t z - f e l d s p a r porphyry 
a - Lower B a s i c s e r i e s and limestone 
Close time and space r e l a t i o n s and s i m i l i a r i t y i n l i t h o l o g y between 
the Lower and Upper V o l c a n i c s makes d i s t i n c t i o n of the two u n i t s very 
d i f f i c u l t i n the f i e l d . Such d i s t i n c t i o n i s n e v e r t h e l e s s very necessary 
to m i n e r a l e x p l o r a t i o n as the massive sulphide deposits of the northern 
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f e l s i c end of the Lower V o l c a n i c C y c l e . This d i f f i c u l t y i s not a unique 
fe a t u r e of the e a s t e r n Black Sea region as s i m i l a r v o l c a n i c sequences 
are found a s s o c i a t e d w i t h volcanogenic m i n e r a l i s a t i o n elsewhere i n the 
world. At Burchans i n Newfoundland, Thurlow et a l (1975) report the 
presence of four c y c l e s of c a l c a l k a l i n e volcanism. Of these, only one 
c y c l e i s a s s o c i a t e d w i t h p o l y m e t a l l i c , massive sulphide ore d e p o s i t s . 
I n Noranda province, Canada, only one of f i v e s u c c e s s i v e c y c l e s of 
volcanism i s a s s o c i a t e d w i t h the ore-deposits (Spence and DeRosen-Spence, 
1975). I n Japan, the prototype massive, p o l y m e t a l l i c sulphide Kuroko 
ores are again, conspicuously confined to c e r t a i n horizons of the 
t h o t e i i t i c f e l s i c v o l c a n i c s u i t e (Lambert and Sato, 1974; I s h i h a r a and 
Terashima, 1974). 
The d i s t i n c t i o n between the two major v o l c a n i c c y c l e s w i l l be 
d i s c u s s e d i n the s e c t i o n s that follow. The d e s c r i p t i o n of each u n i t i s 
presented i n the form: 
i ) F i e l d occurrence 
i i ) Petrography 
Sample numbers used i n the t e x t allow r e f e r e n c e to the data contained 
i n Appendix 1. 
2.2.1 The Lower V o l c a n i c Cycle 
2.2.1a The Lower B a s i c S e r i e s 
i . F i e l d Occurrence: This i s the o l d e s t exposed u n i t i n the 
f i e l d area and mainly c o n s i s t s of a n d e s i t i c and b a s a l t i c l a v a s . I n t r u s i v e 
sheets and p y r o c l a s t i c s are not abundant components of t h i s u n i t . The 
Lower B a s i c S e r i e s has i t s major exposure i n the southern part of the 
f i e l d a r e a . F i g . 2 . 1 . T h i s i s p r i n c i p a l l y due to the gentle, r e g i o n a l , 
n o r t h e r l y d i p of the v o l c a n i c s , towards the Black Sea ( F i g . 2 . 2 ) . This 
u n i t i s o c c a s i o n a l l y observed near the coast and along the r i v e r v a l l e y s , 
due to e r o s i o n , or as a r e s u l t of block f a u l t i n g of i n l i e r s as seen, f o r 
example, i n the area to the south and north of Yale Tepe, southwest of 
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T i r e b o l u and southwest of Inkoy, F i g s . 2.1, 2.2. 
The t h i c k n e s s of the lower B a s i c S e r i e s i s d i f f i c u l t to estimate 
but i s of the order of a few hundred metres i n t h i s a rea. Maucher (1958) 
and Zankl (1959) have estimated a t h i c k n e s s of 700 m f o r Giresun Province, 
w h i l e A k i n c i (1974) has reported that the s e r i e s reaches 1000 m i n 
t h i c k n e s s i n the Bulancak a r e a . 
I n t r u s i v e sheets from the u n i t are w e l l j o i n t e d . They are of very 
l i m i t e d e x t e n t but may be seen 3 km northwest of Caldagi and northwest of 
Kovancik Mahalle. 
E x t r u s i v e l a v a s are the predominant rock type, and although they 
o c c a s i o n a l l y e x h i b i t i l l - d e f i n e d p i l l o w s t r u c t u r e s b e t t e r examples 
undoubtedly occur i n the surrounding areas (Tugal, 1969; Stojanov, 1975; 
K o p r i v i c a , 1976). 
O p t i c a l , chemical and normative m i n e r a l o g i c a l data, presented below, 
show t h a t the l a v a s are mainly a n d e s i t i c , although b a s a l t s a l s o occur. 
D i s t i n c t i o n between a n d e s i t e s and b a s a l t s i n the f i e l d was v i r t u a l l y 
i m p o s s i b l e , p a r t l y due to the high degree of a l t e r a t i o n by weathering. 
Consequently no attempt was made to map boundaries between these rock-types, 
I n the Lahanos area, to the southwest, Tugal (1969) reports that the 
Lower B a s i c S e r i e s i s predominantly b a s a l t i c i n composition. This 
suggests t h a t the H a r s i t Lower B a s i c S e r i e s may be higher i n the 
s t r a t i g r a p h i c sequence i n accordance with the general trend f o r the 
e a s t e r n B l a c k Sea region as d i s c u s s e d on p.17. 
To the e a s t and southeast of Guce v i l l a g e the Lower B a s i c S e r i e s 
i s a s s o c i a t e d with, and o v e r l a i n by f o r a m i n i f e r a l limestone. S i m i l a r 
i n t e r c a l a t i o n s of l e n t i c u l a r marl and limestone i n the region between 
Giresun and Trabzon have y i e l d e d a fauna which i n d i c a t e an Upper Cretaceous 
age (Oner and Iwao, 1974). 
The presence of t h i n sediment i n t e r c a l a t i o n s together with p i l l o w 
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l a v a s t r u c t u r e s , i s suggestive of a marine environment and discontinuous 
volcanism. 
Tugal (1969) f o r the Lahanos area and A k i n c i (1974) for Bulancak 
b e l i e v e t h a t the Lower B a s i c S e r i e s are members of a c a l c - a l k a l i n e s u i t e . 
The p r e s e n t study has, however, produced evidence which suggests that 
these l a v a s are of t h o l e i i t i c type i n agreement w i t h the conclusions 
drawn from s t u d i e s of the C a y e l i region by De Geoffrey (1960) and the 
Gumushane re g i o n by Tokei (1973), 
i i Petrography: Reasonably f r e s h rocks of t h i s u n i t are exposed 
near to A s l a n c i k v i l l a g e i n the H a r s i t r i v e r v a l l e y . 
I n hand specimen the rocks appear massive, dark coloured and v e s i c u l a r . 
The v e s i c l e s are i n f i l l e d w ith c h l o r i t e , c a l c i t e and chalcedony. Samples 
27, 33, 35, 86 ( p o r p h y r i t i c ) and 242 ( a p h a n i t i c ) are f r e s h l a v a s which 
may r e f l e c t the general c h a r a c t e r t i s t i c s of the Lower B a s i c S e r i e s . 
The l a v a s are mainly p o r p h y r i t i c i n t e x t u r e , the g r a i n s i z e of 
the phenocrysts r a r e l y exceeding 1 mm. P l a g i o c l a s e and pyroxene are 
the major phenocrysts, and these minerals together with minor o l i v i n e 
or q u a r t z , and a small amount of magnetite form the groundmass. 
The p l a g i o c l a s e phenocrysts are u s u a l l y zoned, t h e i r o p t i c a l l y 
determined composition v a r y i n g from An^^ to An^g (Samples 27, 29, 34, 
86, 245). Groundmass p l a g i o c l a s e s are l e s s Ca r i c h with the composition 
of andesine. I n zoned p l a g i o c l a s e the o r i g i n a l c a l c i c nature i s sometimes 
r e f l e c t e d by a l t e r a t i o n to c a l c i t e (sample 2 5 ) . 
The pyroxenes are p r i n c i p a l l y augite and hyperstkene which occur both 
as phenocrysts and as c o n s t i t u e n t s of the groundmass. Pigeonite i s a l s o 
commonly pr e s e n t i n the groundmass, where i t may be i d e n t i f i e d on the 
b a s i s of i t s f a i n t pleochroism, p o l y s y n t h e t i c twinning and very small 2V, 
(samples 31,34, 36, 86 and 242). I n some samples orthopyroxene 
(hypersthene) i s rimmed by augite (sample 3 5 ) . A s i m i l a r r e l a t i o n s h i p 
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was observed by Wilkinson (1968) i n the c e n t r a l b a s a l t s of Japan, and 
b a s a l t s from Korea and the Cascades. 
O l i v i n e i s not common i n the Lower B a s i c S e r i e s . When present, 
i t i s confined to the lower s t r a t i g r a p h i c horizons. I t i s often rimmed 
by pyroxene (hypersthene?) and thus e x h i b i t s the t y p i c a l r e a c t i o n 
r e l a t i o n s h i p of the t h o l e i i . t i c magma s e r i e s . 
2.2.1.b, D a c i t i c rocks, q u a r t z - f e l d s p a r porphyry: 
i . F i e l d occurrence: Rocks of d a c i t i c composition conformably 
o v e r l i e the Lower B a s i c S e r i e s . Close s p a t i a l a s s o c i a t i o n with, and 
s i m i l a r chemical c h a r a c t e r i s t i c s (Chapter 3) to, the Lower B a s i c s , suggest 
that t h i s u n i t i s the a c i d member o f i t h e Lower.Volcanics. 
The rocks may be i n t r u s i v e sheets and dykes or e x t r u s i v e l a v a flows. 
The i n t r u s i v e s are coarse grained and e x h i b i t columnar j o i n t i n g . They 
are only of l o c a l development, and are w e l l exposed to the south of 
P e h l i v a n Tepe and northwest of Ca l d a g i . At the l a t t e r l o c a l i t y they 
e x h i b i t h o r i z o n t a l columnar j o i n t i n g i n d i c a t i v e of e i t h e r a dyke or plug 
i n t r u s i o n . Here the rocks show strong s p a t i a l a s s o c i a t i o n with a s e r i e s 
of northwest trending f a u l t s which may have c o n t r o l l e d the i n s t r u s i o n s . 
These i n t r u s i o n s may w e l l r e p r e s e n t feeders to the d a c i t i c l a v a s . The 
name q u a r t z - f e l d s p a r porphyry i s suggested for these i n s t r u s i v e s to 
r e f l e c t t h e i r hypabyssal nature. 
The e x t r u s i v e s comprise p r i n c i p a l l y d a c i t e l a v a flows, with l i m i t e d 
development of flow b r e c c i a a t , or near, the base of the sequence. Flow 
v e s i c l e s i n the l a v a s are i n f i l l e d w ith quartz, chalcedony, c a l c i t e and 
c h l o r i t e . 
D i s t i n c t columnar jointing,, i n a d d i t i o n to coarse g r a i n s i z e are the 
major c r i t e r i a f o r d i s t i n g u i s h i n g q u a r t z - f e l s p a r porphyry from true 
e x t r u s i v e d a c i t e s . However, i n mineralogy and chemistry the two u n i t s 
are very s i m i l a r . 
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i i . Petrography: The d a c i t e l a v a s are predominantly represented 
by p o r p h y r i t i c d a c i t e of f i n e to medium g r a i n s i z e . The phenocrysts 
vary between 0.08-3 ram i n diameter, with an average value of about 1.5 mm. 
The m a j o r i t y of the l a v a s c o n t a i n phenocrysts of q u a r t z f e l d s p a r , and 
amphibole w i t h minor b i o t i t e and opaque min e r a l s . 
West of H a l a c l i and Ya l e Tepe reasonably f r e s h d a c i t i c l a v a s are 
pre s e n t . Microscopic examination of these l a v a s r e v e a l s that they mainly 
c o n s i s t of corroded and p a r t i a l l y resorbed quartz phenocrysts, sometimes 
surrounded by a s i l i c a rim. T h e i r form suggests some d i s e q u i l i b r i u m 
between quartz phenocrysts and the l i q u i d phase. 
Twinned, zoned p l a g i o c l a s e (An^Qto An^^) forms the other major 
phenocryst m i n e r a l . V a r i a t i o n i n the a n o r t h i t e content i s a t t r i b u t e d 
to s t r a t i g r a p h i c height i n the l a v a sequence, the p l a g i o c l a s e becoming 
l e s s C a - r i c h w i t h height i n the s u c c e s s i o n . 
Hornblende and/or b i o t i t e and o r t h o c l a s e are the a d d i t i o n a l phenocrysts, 
However, near to the contact with the Lower B a s i c S e r i e s r a r e clinopyroxene 
( a u g i t e ) phenocrysts are present (samples 42,48). 
The observed change i n the composition of the mafic phenocrysts from 
pyroxene to hornblende to b i o t i t e , and i n average p l a g i o c l a s e composition 
from andesine to o l i g o c l a s e to o r t h o c l a s e , together with the smooth 
v a r i a t i o n diagrams ( F i g s .3.1and3.3 ) i n r e s p e c t of s t r a t i g r a p h y may i n d i c a t e 
the continuous d i f f e r e n t i a t i o n of a s i n g l e magma. 
The groundmass of the u n i t i s g l a s s y but may contain t i n y c r y s t a l s 
of q uartz and l a t h s of a l b i t i c p l a g i o c l a s e . I n general, the groundmass 
makes up approximately 60% to .S.0% of the rock. D e v i t r i f i c a t i o n of the 
g l a s s i s not common but sample 6 i s an example of a ^dacite having a 
completely d e v i t r i f i e d groundmass. Very small amounts of magnetite and/ 
or hematitfe , with minor p y r i t e are the accessory minerals. 
The d a c i t e l a v a s have not been a f f e c t e d by metasomatic additions 
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u n l i k e the a l t e r a t i o n involved near the ore bodies (Chapter 7.3). Heavy 
r a i n f a l l (/v 2m/year, Cagatay, 1977) a c t i n g as a c a r r i e r of d i s s o l v e d 
oxygen and CO , together w i t h various a c i d s and organic products derived 
from the s o i l (dense vegetation and f o r e s t r y ) , as explained i n Holmes 
(1965), are b e l i e v e d to be the main agents for the a l t e r a t i o n and s o l u t i o n 
of d a c i t e l a v a s by chemical weathering. Consequently, o r t h o c l a s e and 
b i ; o t i t e g e n e r a l l y a l t e r to s e r i c i t e , l e a v i n g complete pseudomorphs. 
The removal of i r o n during the b i o t i t e to s e r i c i t e transformation r e s u l t s 
i n the formation of hematite and/or i r o n hydroxides ( e . g . g o e t h i t e ) . 
These compounds are a l s o formed by the a l t e r a t i o n of hornblende (sample 1 ) . 
The commonest a l t e r a t i o n product of p l a g i o c l a s e i s k a o l i n i t e with a minor 
development of carbonate pseudomorphs a f t e r c a l c i c p l a g i o c l a s e . 
Apart from c o a r s e r g r a i n - s i z e , the petrography of the q u a r t z - f e l d s p a r 
porphyry i s s i m i l a r to that of the d a c i t i c l a v a s . 
2.2.1c D a c i t i c - r h y o t i t i c l a v a , t u f f and b r e c c i a : 
i . F i e l d occurrence: Reports r e l a t i n g to m i n e r a l i s a t i o n i n 
the Pontids g e n e r a l l y i n d i c a t e t h a t the volcanogenic sulphide m i n e r a l i s a t i o n 
of the e a s t e r n Black Sea region i s i n t i m a t e l y r e l a t e d to the d a c i t i c s e r i e s 
of upper Cretaceous age (Kraeft,1963; Oner and Iwao, 1974; Cagatay, 1977). 
I n g e n e r a l , the s e r i e s i s t h i c k from 400 to 500 m and i t i s thus necessary 
to r e c o g n i s e the c r i t e r i a p a r t i c u l a r l y a p p l i c a b l e to the m i n e r a l i s e d 
"host rock" h o r i z o n s . 
A c o n s i d e r a t i o n of the host-rock l i t h o l o g y , form of the l a v a s , and 
t h e i r chemistry allows a s u b d i v i s i o n of the a c i d member of the Lower 
V o l c a n i c s i n t o two d i s t i n c t h o r i z o n s . These are the d a c i t i c l a v a s 
(2.2.1b) and the d a c i t i c r h y o l i t i c l a v a , t u f f and b r e c c i a ( 2 . 2 . 1 c ) . 
The former always occur a t a s t r a t i g r a p h i c a l l y lower horizon, while the 
o v e r l y i n g group (2.2.1c) show l o c a l d i s c o n f o r m i t i e s with them. S c h u l t z e -
Westrum (1961) has shown a s i m i l a r l i t h o l o g i c a l change i n the Giresun 
a r e a . He s t a t e s t h a t , d a c i t e 1 (presumably, the d a c i t e l a v a s of group 
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2.2.1b) begins with an a l b i t e d a c i t e with a g l a s s y groundmass, but 
upwards grades i n t o an e x t e n s i v e l y a l t e r e d , f i n e grained, ore-bearing 
d a c i t e . 
The d i f f e r e n c e i n the proportion of p y r o c l a s t i c m a t e r i a l between 
d a c i t e (2.2.1b) and the o v e r l y i n g d a c i t e r h y o l i t i c l a v a , t u f f and b r e c c i a 
i s the major f i e l d c r i t e r i o n i n d i s t i n g u i s h i n g one from the other. 
Examination of some 70 d a c i t e l a v a s f a i l e d to e s t a b l i s h the presence of 
any p y r o c l a s t i c component, wh i l e the o v e r l y i n g u n i t (2.2.1c) contains 
very l a r g e amounts of p y r o c l a s t i c m a t e r i a l a s s o c i a t e d with minor amounts 
of l a v a of a very a c i d i c nature. The s t r i k i n g a s s o c i a t i o n of sulphide 
m i n e r a l i s a t i o n w i t h the l a t t e r u n i t (2.2.1c) suggested that the search 
f o r volcanogenic massive sulphide m i n e r a l i s a t i o n must be aimed at t h i s 
u n i t . P e t r o l o g i c a l s t u d i e s confined to the d a c i t e l a v a s allow some 
i n t e r p r e t a t i o n of the h e a v i l y a l t e r e d "host rock", by e x t r a p o l a t i o n . 
The d a c i t e l a v a s show some a l t e r a t i o n by chemical weathering, as 
d e s c r i b e d above, but true hydrothermal a l t e r a t i o n i s confined to the 
o v e r l y i n g d a c i t i c - r h y o i i t i c l a v a , t u f f and b r e c c i a formations i n the 
proximity of the ore bodies. 
The a s s o c i a t i o n of d a c i t i c - r h y o i i t i c l a v a , t u f f and b r e c c i a with 
the dominant f a u l t p a t t e r n has been described above (p.19 ) . The 
a s s o c i a t i o n i s w e l l demonstrated at Koprubasi, near Yale Tepe to the west 
and south of C a l d a g i , i n the Ketencukuru v a l l e y , near Kovancik M., and 
i n the v i c i n i t y of Harkkoy ( F i g . 2 . 1 ) . The extent of t h i s a s s o c i a t i o n 
i n the n o r t h e r n H a r s i t r i v e r area and i t s probable extension to the 
e a s t e r n Pontids (p.17 ) i n g e n e r a l , i m p l i e s a g e n e t i c connection. The 
i m p l i c a t i o n i s that the f r a c t u r e system acted as a channelway fo r 
magmatic a c t i v i t y i n the formation of t h i s u n i t . 
I t i s i n t e r e s t i n g to note t h a t the u n i t i s not evident between the 
d a c i t e l a v a s (2.2.1b) and sediments ( 2 . 2 . I d ) to the north and e a s t of 
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Harkkoy, west of E v l i y a Tepe. 
To the west of Caldagi the u n i t contains a b r e c c i a ( r h y o l i t i c ? ) which 
i n c l u d e s angular fragments of the Lower B a s i c S e r i e s and of the d a c i t e l a v a s . 
T h i s rock i s an e x p l o s i o n b r e c c i a and points to the presence of v o l c a n i c 
c e n t r e s a s s o c i a t e d w i t h the f a u l t zone. 
The rocks of u n i t (2.2.1c) can be d i v i d e d i n t o two c a t e g o r i e s ; the 
l a v a s , and the t u f f s and b r e c c i a . The Ketencukuru v a l l e y provides a good 
s e c t i o n through the u n i t . E r o s i o n r e v e a l s that i n the deepest part of 
the v a l l e y the rocks are of r h y o l i t i c composition and contain a l a v a flow 
(sample 142). I n the upper p a r t of the v a l l e y the nature of the rocks 
changes g r a d u a l l y from l a v a s to b r e c c i a s to t u f f s (samples 66, 69, 74, 145) 
g i v i n g a good i n d i c a t i o n of the true s t r a t i g r a p h y of the u n i t . 
Near the top of the u n i t , i n t e r c a l a t e d raudstone l e n s e s appear 
(Koprubasi Mine, 425, 427 and s u r f a c e samples 123, 125) together with 
t h i n , discontinuous horizons of r a d i o l a r i a n c h e r t s (Koprubasi mine boreholes; 
H20/28-30 m and H38/32-36 m). The a s s o c i a t i o n of these sediments with 
tuffaceous rocks i s i n d i c a t i v e of a submarine environment and a paucity 
of v o l c a n i c s , probably a s s o c i a t e d w i t h the waning stage of volcanism. 
i i . Petrography: these rocks are found to be the most a l t e r e d 
u n i t i n the area, due to c l o s e a s s o c i a t i o n with the m i n e r a l i s a t i o n . 
The l a v a s (sample 142) e x h i b i t flow t e x t u r e s i n d i c a t e d by the alignment 
of the C a x i s of quartz or r a r e l y the (010) cleavage t r a c e s of o r t h o c l a s e 
and minor, a l t e r e d b i o t i t e ( s e r i c i t e ) l a t h s . Phenocrysts are r a r e , and 
where pres e n t , c o n s i s t of quartz and/or f e l d s p a r and sometimes a few 
b i o t i t e l a t h s . The groundmass may be d e v i t r i f i e d and c o n s i s t s of 
q u a r t z - s e r i c i t e aggregates with o c c a s i o n a l i d e n t i f i a b l e a l b i t e and 
o r t h o c l a s e f e l d s p a r s . 
The v o l c a n i c b r e c c i a s contain angular fragments of the l a v a s of the 
u n i t , and ash i n small q u a n t i t i e s (samples 168, 204, 313, 345). The 
m a t r i x i s u s u a l l y s i l i c i f i e d and/or s e r i c i t i z e d and contains 
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v a r y i n g amounts o f d i s s e m i n a t e d s u l p h i d e s . B r e c c i a h o r i z o n s grade 
v e r t i c a l l y and l a t e r a l l y i n t o w e l l s o r t e d t u f f s and t u f f a c e o u s sedimentary 
r o c k s , and a r e o v e r l a i n by r e d d i s h , bedded c h e r t s as a t t h e Koprubasi 
mine, o r by h e m a t i t e and i r o n h y d r o x i d e b e a r i n g t u f f a c e o u s sedimentary 
r o c k s as a t t h e Harkkoy mine. 
The v e r y f i n e g r a i n e d n a t u r e , and e x t e n s i v e metas o.matic w a l l - r o c k 
a l t e r a t i o n makes i t d i f f i c u l t t o g i v e an adequate d e s c r i p t i o n o f these 
t u f f a c a e o u s r o c k s . A v a i l a b l e c i h a n i c a l and w a l l r o c k a l t e r a t i o n data 
w i l l be d i s c u s s e d i n Chapter 7.3. 
2 . 2 . I d The Sedimentary S e r i e s 
The s e d i m e n t a r y s e r i e s covers r a t h e r s m a l l areas, e i t h e r 
d i r e c t l y o v e r l y i n g t h e d a c i t i c s e r i e s (2.2.1b) o r t h e d a c i t i c - r h y o l i t i c 
l a v a , t u f f and b r e c c i a f o r m a t i o n s ( 2 . 2 . 1 c ) . I n t h e e a s t o f t h e s t u d y 
area t h e s e r i e s o v e r l i e s t h e d a c i t e l a v a s and c o n s i s t s o f l i m e s t o n e and 
m a r l (samples 122, 126, 2 5 1 ) , and sandstone (sample 263). I n the Harkkoy 
and K o p r u b a s i mine areas, t h e s e d i m e n t a r y r o c k s , w h i c h comprise r a d i o l a r i a n 
c h e r t s , foram:i'nLferal l i m e s t o n e , m a r l , mudstone and sandstone t o g e t h e r w i t h 
t u f f a c e o u s m a t e r i a l , o v e r l i e t h e d a c i t i c - r h y o l i t i c t u f f s . The abundance 
o f r a d i o l a r i f e n beds and mudstone l e n s e s near t o t h e m i n e r a l i s e d areas 
may be a t t r i b u t e d t o t h e d i s c h a r g e o f l i q u i d s , r i c h i n s i l i c a and the 
c o n s t i t u e n t s o f c l a y m i n e r a l s , i n t o marine e n v i r o n m e n t s . F o s s i l s i n 
t h e s e r i e s a r e a l l o f t h e Globotruncana s p e c i e s ( A k i n c i , 1974) 
P r i o r t o t h e s e d i m e n t a t i o n , i t i s b e l i e v e d t h a t e r o s i o n was a c t i v e . 
I n p l a c e s t h e s e d i m e n t a r y s e r i e s c o n t a i n s ore pebbles (Sawa and A l t u n , 
1977) w h i l e s m a l l l e n s e s o f b a r y t e s p a r a l l e l t o bedding planes are 
seen i n t h e r a d i o l a r i a n c h e r t s a t t h e K o p rubasi mine. These are t a k e n 
t o i n d i c a t e t h a t e r o s i o n o f t h e u n d e r l y i n g m i n e r a l i s e d v o l c a n i c s was 
t a k i n g p l a c e s i m u l t a n e o u s w i t h s e d i m e n t a t i o n . 
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2.2.2. The Upper V o l c a n i c Cycle: 
The Upper V o l c a n i c Cycle c o n s i s t s o f b a s i c and a c i d members. 
I t i s t h e l a s t major v o l c a n i s m i n t h e n o r t h - e a s t e r n B l a c k Sea r e g i o n , 
c o v e r i n g l a r g e areas ( K r a e f t , 1963; Oner and Iwao, 1974; Sawa and 
A l t u n , 1 9 7 7 ) . 
The age a t t r i b u t e d t o t h e Upper V o l c a n i c s v a r i e s between Upper 
Cretaceous t o Eocene (Cagatay, 1977) and Eocene ( G a t t i n g e r , .et.al,1964) 
The r o c k s o v e r l i e Upper Cretaceous sediments, and thus i t i s s a f e t o 
conclude t h a t t h e v o l c a n i s m t o o k p l a c e i n Upper Cretaceous t o e a r l y 
T e r t i a r y t i m e s . 
2.2.2e Upper B a s i c S e r i e s : 
i . F i e l d Occurrence: The s e r i e s i n c l u d e s rocks o f b a s a l t i c 
and a n d e s i t i c c o m p o s i t i o n . L i m i t e d d a t a from v a r i o u s p a r t s o f t h e 
P o n t i d s show t h a t t h e s e r i e s i s c a l c - a l k a l i n e ( T u g a l , 1969; Tokel,1973; 
A k i n c i , 1974; P e c c e r i l l o and T a y l o r , 1975; Cagatay , 1977) and t h a t b o t h 
i n . t r u s i v e and e x t r u s i v e members are p r e s e n t . 
The Upper B a s i c S e r i e s occurs i n the v i c i n i t y o f the H a r s i t mine. 
The r o c k s a re exposed a l o n g t h e major f a u l t s . They are i n t r u s i v e , 
d e s c r i b e d as d i o r i t e by Acar ( 1 9 7 6 ) , and are i n c l u d e d i n the c a t e g o r y o f 
' l a t e dykes' by Acar and Ronkovic (1970) and S t o j a n o v ( 1 9 7 5 ) . 
D e t a i l e d s t u d y o f these r o c k s i n d i c a t e s t h a t t h e y are d o l e r i t e 
s h e e t s , t h e i r c h e m i s t r y ( d e s c r i b e d i n Chapter 3) showing c l o s e a f f i n i t y 
t o t h a t o f t h e Upper B a s i c S e r i e s . Exposures o f the d o l e r i t e s are v e r y 
poor w i t h o u t c r o p w i d t h s seldom exceeding 10 m - 20 m i n the v i c i n i t y o f 
T i r e b o l u . T h e i r d i s t r i b u t i o n as i n d i c a t e d on F i g . 2.1 i s c l e a r l y 
r e l a t e d t o n o r t h w e s t t r e n d i n g f a u l t s a l t h o u g h t h e sheets as a whole are 
c o n f i n e d t o t h e n o r t h e a s t t r e n d i n g c o a s t a l l i n e a m e n t e x t e n d i n g from t h e 
v i c i n i t y o f T i r e b o l u t o Kale Tepe. 
The i n t r u s i v e d o l e r i t e s show columnar j o i n t i n g (sample 188) and on 
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t h e i r l o w e r m a r g i n t h e y g i v e way t o i n t r u s i o n b r e c c i a s , w h i c h i n c l u d e 
abundant a n g u l a r , d a c i t i c - r h y o l i t i c t u f f f r a gments o f 5-10 cm l e n g t h 
( H a r s i t Mine B o r e h o l e - H15 - 156 m). 
The Upper B a s i c S e r i e s covers l a r g e areas e x t e n d i n g eastwards from 
E v l i y a T. I n the immediate v i c i n i t y o f t h i s h i l l t hey are c h a r a c t e r i s e d 
by coarse agglomerates and b r e c c i a s , w i t h fragments v a r y i n g i n s i z e from 
a few c e n t i m e t r e s t o 40-50 cm i n d i a m e t e r . " n i i s may i n d i c a t e t h e presence 
o f an e x p l o s i o n c e n t r e whose s i g n i f i c a n c e i s d i s c u s s e d i n the c h e m i s t r y 
o f t h e v o l c a n i c r o c k s (Chapter 3 ) . The lowermost h o r i z o n s o f the s e r i e s 
c o n t a i n l i m e s t o n e - m a r l x e n o l i t h s w h i c h presumably o r i g i n a t e from the 
u n d e r l y i n g s e d i m e n t a r y s e r i e s . I n t h e Gorele and C a y e l i areas, De 
G e o f f r o y (1960) has s i m i l a r l y d e s c r i b e d b o t h d a c i t i c and l i m e s t o n e z e n o l i t h s 
i n t h e Upper B a s i c S e r i e s . The upper p a r t s o f t h e u n i t are d o m i n a n t l y 
l a v a f l o w s w i t h a r a y g d a l o i d a l c a v i t i e s w h i c h are i n f i l l e d by c h l o r i t e , 
q u a r t z and c a l c i t e . Flows may e x h i b i t columnar j o i n t i n g o r s p h e r o i d a l 
a l t e r a t i o n ( O n i o n s t r u c t u r e ) w h i c h can resemble p i l l o w s t r u c t u r e s . 
The t h i c k n e s s o f t h e u n i t v a r i e s between 150 m f o r the i n t r u s i v e s 
o f t h e area and 500 m f o r t h e l a v a s and t h e p y r o c l a s t i c s t o t h e so u t h e a s t 
o f K a l e Tepe. A k i n c i ( 1 9 7 4 ) , however, r e p o r t s a t h i c k n e s s o f 1000 m i n 
the Bulancak a r e a . 
i i . P e t r o g r a p h y : Coarse g r a i n e d i n t r u s i v e sheets and f i n e 
g r a i n e d p o r p h y r i t i c o r a p h a n i t i c l a v a s d i f f e r l i t t l e i n t h e i r m i n e r a l o g y , 
a l t h o u g h o p h i t i c o r s u b o p h i t i c t e x t u r e i s more common i n the i n t r u s i v e s . 
B o t h c o n t a i n abundant zoned and t w i n n e d p l a g i o c l a s e and pyroxene 
p h e n o c r y s t s w i t h some ho r n b l e n d e and b i o t i t e , w h i l e q u a r t z o r o l i v i n e 
and m a g n e t i t e and i l m e . n i t e occur as groundmass c o n s t i t u e n t s . The 
p l a g i o c l a s e l i e s i n t h e c o m p o s i t i o n range An^^ t o An^^ a l t h o u g h u n i v e r s a l 
s t a g e d e t e r m i n a t i o n s (Tugal,1969) and Microbeam (EPMA) techn i q u e s ( A k i n c i , 
1974) r e v e a l t h a t t h e average l i e s i n t h e andesine range. 
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The pyroxenes i n c l u d e b o t h c l i n o and o r t h o p y r o x e n e s b o t h as p h e n o c r y s t s 
and groundmass c o n s t i t u e n t s . D i o p s i d e - a u g i t e o r a u g i t e are the commonest 
p h e n o c r y s t s . Hypersthene p h e n o c r y s t s may be rimmed by c l i n o p y r o x e n e 
(samples 124, 1 6 1 ) . 
O l i v i n e i s more abundant t h a n i n t h e Lower B a s i c S e r i e s . I t i s 
i n e v i t a b l y surrounded by pyroxene (hypersthene? , sample 208) i n the 
r e a c t i o n r e l a t i o n s h i p . B i o t i t e o ccurs as l a t h - s h a p e d fragments t o g e t h e r 
w i t h e u h e d r a l h o r n b l e n d e i n t h e a n d e s i t e s o f t h e u n i t . Quartz i s 
sometimes p r e s e n t as d i s c r e t e g r a i n s i n the groundmass (sample 3 4 6 ) . 
The q u a r t z o f t e n shows s t r a i n e d e x t i n c t i o n . Tugal (1969) r e p o r t s t h a t 
x e n o l i t h s , i n c l u d i n g Lower B a s i c S e r i e s l a v a s , are abundant i n h i s Upper 
B a s i c S e r i e s " A n d e s i t e s " . A p a r t f r o m s e d i m e n t a r y x e n o l i t h s no igneous 
x e n o l i t h s were noted i n t h e s t u d y area a l t h o u g h t h e s t r a i n e d q u a r t z may 
r e p r e s e n t x e n o c r y s t s d e r i v e d f r o m p r e - e x i s t i n g l a v a s o r u n d e r l y i n g P o n t i d 
basement g n e i s s i c r o c k s . 
A l t e r a t i o n i s f a i r l y w i d e s p r e a d . The main r e s u l t s are g o e t h i t e 
pseudomorphs a f t e r f e r r o - m a g n e s i a n m i n e r a l s , c h l o r i t e a f t e r o l i v i n e , and 
c a l c i t e a f t e r pyroxene w i t h c l a y m i n e r a l s a f t e r p l a g i o c l a s e . Common 
a l t e r a t i o n o f pyroxene t o c a l c i t e may r e f l e c t the c a l c i c n a t u r e o f the 
pyroxenes (sample 1 3 2 ) . 
2.2.2.f D a c i t e - r h y o d a c i t i c s e r i e s 
i . F i e l d o c c u r r e n c e : Rocks o f t h i s u n i t are o n l y l o c a l l y 
d e v e l o p e d i n t h e v i c i n i t y o f T i r e b o l u and Koprubasi and e x t e n d i n g s o u t h -
e a s t t o w a r d s Harkkoy. 
T h e i r emplacement seems t o be r e l a t e d t o t h e dominant f a u l t p a t t e r n 
o f t h e r e g i o n , p a r t i c u l a r l y t o t h e n o r t h w e s t t r e n d i n g f a u l t s . T h e i r 
d i s t i n c t r e d d i s h c o l o u r , due t o t h e a l t e r a t i o n o f abundant b i o t i t e t o 
i r o n o x i d e s and h y d r o x i d e s , and t h e i r p e r f e c t columnar j o i n t i n g a re the 
major f i e l d c r i t e r i a used t o d i s t i n g u i s h these r o c k s from the d a c i t e l a v a s 
o f t h e Lower V o l c a n i c Cycle. The b e s t exposures are a l o n g t h e r i v e r H a r s i t 
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near I n k o y and Kuskaya. 
T h i s u n i t i s d i f f i c u l t t o p l a c e i n the time sequence o f the magmatic 
a c t i v i t y due t o i t s s i m p l e n a t u r e b u t complex, though l i m i t e d , o u t c r o p 
p a t t e r n . 
The r o c k s are u n d e r l a i n by t h e d o l e r i t e sheets o f the Upper B a s i c 
S e r i e s and t h e a u t h o r c o n s i d e r e d t h a t t h e y are t h e a c i d members o f the 
Upper V o l c a n i c Cycle. I n t u r n , t h i s e x p l a i n s i t s d i s p u t e d p l a c e i n t h e 
s t r a t i g r a p h i c a l column and makes i t d i f f i c u l t t o accept t h a t i t i s a 
s i n g l e a c i d v o l c a n i c ev e n t d e r i v e d f r o m the a s s i m i l a t i o n o f s i a l i c 
m a t e r i a l , as proposed r e c e n t l y by S t o j a n o v ( 1 9 7 5 ) . Furthermore, i n 
th e v a r i a t i o n diagrams, t h e i r c o n t i n u i t y w i t h t he Upper Basics ( F i g . 3 . 3 ) may 
c o n f i r m t h a t t h e y were p r o b a b l y d e r i v e d from a common source. 
They e x h i b i t p e r f e c t columnar j o i n t i n g a p p r o x i m a t e l y a t r i g h t angles 
t o t h e c o n t a c t w i t h u n d e r l y i n g r o c k s . P y r o c l a s t i c m a t e r i a l i s l a c k i n g 
t h r o u g h o u t t h e u n i t . 
i i . P e t r o g r a p h y : The d a c i t e - r h y o d a c i t e s c o n t a i n abundant q u a r t z , 
f e l d s p a r and b i o t i t e p h e n o c r y s t s i n a g l a s s y m a t r i x . 
Corroded and rimmed q u a r t z p h e n o c r y s t s make up almost 5^0 - 10% o f 
th e t o t a l p h e n o c r y s t s . N e a r l y e q u a l amounts o f o r t h o c l a s e , which i s 
always a l t e r e d t o k a o l i n i t e and o c c a s i o n a l l y t o s e r i c i t e , t o g e t h e r w i t h 
o - l i g o c l a s e , sometimes pseudomorphed by c l a y m i n e r a l s are the o t h e r major 
p h e n o c r y s t s . A l t e r e d b i o t i t e i s always p r e s e n t b o t h as phenocrysts and 
groundmass m a t e r i a l . The b i o t i t e l a t h s show good a l i g n m e n t w i t h f l o w 
d i r e c t i o n . 
The groundmass makes up 60% - 70% o f the r o c k and comprises c l a y 
m i n e r a l s and d e v i t r i f i e d g l a s s . T h i s , makes i t i m p o s s i b l e t o r e c o g n i s e 
any o f t h e o r i g i n a l c o n s t i t u e n t s . 
I r o n , d e r i v e d f r o m t h e process o f s e r i c i t i z a t i o n o f fe r r o m a g n e s i a n 
m i n e r a l s , g i v e s r i s e t o i r o n h y d r o x i d e s o r o x i d e s ( A k i n c i , 1974). These 
cause t h e r e d c o l o u r a t i o n o f t h e u n i t , w h i c h may be a d i a g n o s t i c f i e l d 
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c r i t e r i o n i n t h e a r e a . 
2.3 Summary and d i s c u s s i o n 
I n v a r i o u s p a r t s o f t h e P o n t i d s , d i f f e r e n t s t r a t i g r a p h i c a l columns 
and s e c t i o n s show t h a t r o c k s , from t h e Lower V o l c a n i c Cycle t h r o u g h t h e 
Upper V o l c a n i c Cycle, were p o s s i b l y formed d u r i n g Upper C r e t a c e o u s - e a r l y 
T e r t i a r y t i m e s . From t h e p a l e o g e o g r a p h i c a l view p o i n t , i t seems t h a t 
t h e l a n d and sea d i s t r i b u t i o n d u r i n g t h a t p a r t i c u l a r era was n o t u n i f o r m . 
A c c o r d i n g t o Brinkmann(1976;p.59) "... i n the P o n t i a n g e o s y n c l i n e , d u r i n g 
t h e Upper Cretaceous t h e w a t e r d e p t h i n c r e a s e d the Campanian-
M a e s t r i c h t i a n , marked t h e g r e a t e s t expansion o f the Cretaceous seas i n 
Turkey." I n t h e T e r t i a r y , t h e P o n t i d s emerged a g a i n and a s h o r t 
i n t e r r u p t i o n i n s e d i m e n t a t i o n o c c u r r e d d u r i n g t h e Palaeogene and lower 
Eocene. T h i s r e g r e s s i o n was f o l l o w e d by an o t h e r t r a n s g r e s s i o n i n the 
L u t e t i a n ( M i d d l e Eocene , T o k e l , 1973). 
The m i c r o f a u n a s found i n t h e s t u d y area, i n t h e r a d i o l a r i a n c h e r t s 
and mudstones o f the sediments i m m e d i a t e l y o v e r l y i n g t h e "host r o c k " 
( t h e Lower V o l c a n i c C y c l e ) a re p e l a g i c o r s e m i - p e l a g i c . They have 
r e c e n t l y been examined by Dr.A.T.S.Ramsay o f Swansea U n i v e r s i t y , who has 
i d e n t i f i e d t h e fauna as Upper Cretaceous (U pper M a e s t r i c h t i a n ) and 
suggested t h a t t h e y i n d i c a t e w a t e r depths i n excess o f 700 m. However, 
a l i m e s t o n e (sample 122) f r o m e a s t o f Kuskunlu, v e r y near t o the c o n t a c t 
o f t h e Upper B a s i c l a v a s c o n t a i n s the f o l l o w i n g b i o c l a s t ; 
C r i n o i d a l d e b r i s 
C o r a l l i n e a l g ae 
M o l l u s c a n d e b r i s 
These faunas are c h a r a c t e r i s t i c o f a s h a l l o w w a t e r l i m e s t o n e o f Palaeocene 
o r Eocene age (A.T.S.Ramsay, pers.comm.). 
Thus p i l l o w l a v a s t r u c t u r e s and marine sediments a s s o c i a t e d w i t h t h e 
Lower V o l c a n i c Cycle, t o g e t h e r w i t h t h e above evidence and p a l e o g e o g r a p h i c a l 
d a t a , s u g g e s t t h a t t h e v o l c a n i s m s t a r t e d i n a deep marine environment 
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(Lower V o l c a n i c C y c l e ) and ended p o s s i b l y i n s h a l l o w water - s u b a e r i a l 
c o n d i t i o n s (Upper V o l c a n i c C y c l e ) . C o n s i d e r i n g the abundance o f 
columnar j o i n t i n g i n t h e whole Upper V o l c a n i c l a v a s , a s u b a e r i a l 
e n v i r o n m e n t may be e x p l a i n e d by r e f e r e n c e t o t h e ide a s o f McDonald 
(1968,p.41) "... i n H a w a i i , t h e eviden c e suggests t h a t good columnar 
j o i n t i n g was formed o n l y when the u n d e r l y i n g s u r f a c e was s a t u r a t e d w i t h 
w a t e r . The more e f f e c t i v e c o o l i n g b r o u g h t about by t h e wa t e r seems t o 
have been t h e f a c t o r t h a t i n m a r g i n a l cases, de t e r m i n e d t h e f o r m a t i o n 
o f good columnar j o i n t i n g . " 
The m a j o r raineralogical d i f f e r e n c e between the a l k a l i and the 
t h o l e i i t i c ( S u b a l k a l i n e ) s e r i e s i s t h a t , t h e s u b a l k a l i n e rocks are 
c h a r a c t e r i s e d by the r e a c t i o n r e l a t i o n (Bowen) between o l i v i n e and 
pyroxene (Kuno, 1957, 1959, 1968; McDonald and K a t s u r a , 1964; 
W i l k i n s o n , 1 968). I f norma t i v e hypersthene and q u a r t z o r n e p h e l i n e i n 
a d d i t i o n t o o l i v i n e e x i s t , t h e r o c k s are c o n s e q u e n t l y c a l l e d t h o l e i i t e s 
o r a l k a l i b a s a l t s , r e s p e c t i v e l y (Yoder and T i l l e y , 1962:p.355). As 
a l r e a d y mentioned i n t h e p r e c e d i n g pages, b o t h Lower and Upper V o l c a n i c 
Cycles c o n t a i n n o r m a t i v e q u a r t z o r o l i v i n e and no f e l d s p a t h o i d s (Appendix 1 ) , 
When o l i v i n e i s p r e s e n t , i t i s i n e v i t a b l y rimmed by pyroxene. T h i s , i n 
t u r n , s u g g e s t s t h a t b o t h s e r i e s a r e o f s u b a l k a l i n e n a t u r e and are 
r e p r e s e n t e d by n o r m a t i v e q u a r t z b e a r i n g r e s i d u a as compared t o the u n d e r s a t -
u r a t e d n a t u r e o f t h e r e s i d u a o f the a l k a l i c s e r i e s . A c c o r d i n g t o 
Kuno (1968) such a r e a c t i o n r e l a t i o n (pyroxene-rimmed o l i v i n e ) accounts 
f o r t h e c r y s t a l f r a c t i o n a t i o n o f t h o l e i i t i c magmas. 
S e p a r a t i o n between Lower and Upper B a s i c S e r i e s i s a l s o i n 
accordance w i t h t h e pyroxene d i s t r i b u t i o n o f t h e r e l a t e d r o c k s . As 
was p o i n t e d o u t i n p. 28 , t h e pyroxenes i n the Lower Basic S e r i e s are 
a u g i t e and h j p e r s t h e n e as p h e n o c r y s t s and i n a d d i t o n t o these, p i g e o n i t e 
o c c u r s i n t h e groundmass m a t e r i a l . On the o t h e r hand, the pyroxenes i n 
t h e Upper B a s i c S e r i e s i n c l u d e a u g i t e , d i o p s i d e and h p e r s t h e n e b o t h as 
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p h e n o c r y s t s and as groundmass c o n s t i t u e n t s . T h i s d a t a , t o g e t h e r w i t h 
t h e g e o c h e m i s t r y o f b o t h s e r i e s ( c h a p t e r 3) may suggest t h a t t he P o n t i d 
v o l c a n i c r o c k s are h i g h l y c o m p a t i b l e w i t h those o f the Japanese P i g e o n i t i c 
( t h o l e i i t i c ) and h y p e r s t h e n i c ( c a l c - a l k a l i n e ) s e r i e s which were d e f i n e d by 
Kuno ( 1 9 5 9 ) . 
The d i f f e r e n c e between t h e a c i d members o f t h e 'two' v o l c a n i c c y c l e s 
are by no means c l e a r . However, d i s t i n c t columnar j o i n t i n g and r e d d i s h 
c o l o u r a t i o n i n the f i e l d , t o g e t h e r w i t h m i c r o s c o p i c data ( e . g . abundant 
b i o t i t e l a t h s , c o m p l e t e l y d e v i t r i f i e d groundmass) can be used t o sep a r a t e 
t h e d a c i t e s - r h y o d o c i t e s o f t h e Upper V o l c a n i c Cycle from the a c i d members 
o f t h e Lower V o l c a n i c s w i t h i n w h i c h two members have a l r e a d y been d e s c r i b e d 
( p . 3 1 - 3 2 ) . 
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CHAPTER THREE 
CHEMISTRY OF THE VOLCANIC ROCKS 
3.1 I n t r o d u c t i o n 
D i s t i n c t d i f f e r e n c e s are appa r e n t between t h e Lower and Upper V o l c a n i c 
Cycles b o t h w i t h r e s p e c t t o t h e i r f i e l d o c c u r r e n c e and t o t h e i r p e t r o g r a p h y . 
These d i f f e r e n c e s s h o u l d a l s o be r e f l e c t e d i n the c h e m i s t r y o f t h e two 
c y c l e s and thus u n r a i n e r a l i s e d samples were analysed by X-ray f l u o r e s c e n c e 
f o r S i , A l , Fe, Mg, Ca, Na, K, T i , Mn, S, P and f o r t h e t r a c e elements Ba, 
Nb, Z r , Y, Sr, Rb, Zn, Cu, N i and Cr. Both FeO and H^ O d e t e r m i n a t i o n s 
were made on a number o f r e p r e s e n t a t i v e samples by wet chemical methods. 
Where Fe-O was n o t d e t e r m i n e d t o t a l i r o n i s expressed as Fe 0 . 
X-ray f l u o r e s c e n c e a n a l y s i s was performed on pressed powder b r i q u e t t e s 
u s i n g a P h i l l i p s PW1212 s p e c t r o m e t e r , coupled t o a Torrens TE108 a u t o m a t i c 
sample l o a d e r . The i n s t r u m e n t i s connected t o a c a r d punch, f o r d i r e c t 
d a t a h a n d l i n g on an IBM 360-67 computer. 
The f o l l o w i n g U.S.G.S. i n t e r n a t i o n a l s t a n dards were employed t o c a l i b r a t e 
t h e m a j o r element a n a l y s i s ; BR, W-1, BCR-1, AGV-1, SY-1, GR, T-1, GSP-1, G-2, 
GA, G-1 and GH. 
Trace elements were d e t e r m i n e d u s i n g a s e r i e s o f s y n t h e t i c Glass 
Standards p r e p a r e d by P i l k i n g t o n L a b o r a t o r i e s (Brown e t a l , 1970). Peak 
t o background r a t i o s were c a l c u l a t e d , and r e f e r r e d t o c a l i b r a t i o n curves 
e s t a b l i s h e d f o r each o f th e elements sought. I n t e r - e l e m e n t l i n e - l i n e 
i n t e r f e r e n c e s a r e r e l a t i v e l y common and i t was necessary t o c o r r e c t t h e 
ZrKo(i, NbKo<^, and Y K i r e a d i n g s f o r Sr Kf3j ,Y KB i and Nb Kf3i 
i n t e r f e r e n c e s r e s p e c t i v e l y (Brown e t a l , 1 9 7 7 ) . A n a l y s i s c o n d i t i o n s 
are d e s c r i b e d i n Appendix 1. 
C.I.P.W. norms were c a l c u l a t e d u s i n g the NORMCAL program ( G i l l , 1972) 
o f t h i s d e p a r t m e n t . T h i s p r o c e d u r e adopts a f i x e d o x i d a t i o n r a t i o , f o r 
th e r a t i o Fe„0„/Fe^O„+FeO, o f 0.27 ( F i t t o n and G i l l , 1970). T h i s method 
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p r o v e d i n c o n s i s t e n t , presumably owing t o f a c t o r s such as s u r f a c e 
w e a t h e r i n g . Norms were thus o n l y c a l c u l a t e d f o r those rocks h a v i n g wet 
c h e m i c a l l y d e t e r m i n e d FeO and FSgO^ v a l u e s . 
The m a j o r and t r a c e element a n a l y s i s , and a v a i l a b l e norm c a l c u l a t i o n s 
a re p r e s e n t e d i n Appendix 1. Due t o t h e e x t e n s i v e a l t e r a t i o n , b o t h from 
w e a t h e r i n g and m i n e r a l i s a t i o n , o n l y 108 r e p r e s e n t a t i v e u n m i n e r a l i s e d rock 
a n a l y s e s a r e used i n d i s c u s s i n g the c h e m i s t r y o f t h e v o l c a n i c s . 
The d i s t i n c t i o n , i n t h e f i e l d , between b a s a l t s and a n d e s i t e s i s 
i m p o s s i b l e . The c o l l e c t i v e name 'Basic S e r i e s ' thus i n c l u d e s b o t h b a s a l t s 
and a n d e s i t e s , b u t where necessary, the two ro c k types are r e f e r r e d t o 
s e p a r a t e l y . Three c r i t e r i a may be used t o s e p a r a t e b a s a l t s and a n d e s i t e s , 
f i r s t l y a p l a g i o c l a s e c o m p o s i t i o n o f An (Gorshkov,1969), secondly t h e 
Col o u r I n d e x o f Th o r n t o n and T u t l e ( 1 9 6 0 ) ; t h e v a l u e 30 c o r r e s p o n d i n g t o 
the boundary between t h e t y p e s , and f i n a l l y s i l i c a v alues l e s s than 55% may be 
t a k e n t o d e l i n e a t e t h e b a s a l t i c f i e l d ( T a y l o r , 1 9 6 9 ; F i t t o n , 1 9 7 1 a ) . Appendix 
1 l i s t s b a s a l t s and a n d e s i t e s f r o m b o t h t h e Lower and Upper V o l c a n i c Cycles. 
No a t t e m p t has been made t o c l a s s i f y each r o c k t y p e v o l u m e t r i c a l l y , owing 
t o l a c k o f s u r f a c e o u t c r o p s , and p o s s i b l e b i a s e d sample c o l l e c t i o n . 
T h i s w o u l d t e n d towards t h e a c i d members o f the Lower V o l c a n i c Cycle, 
because o f t h e i r s p a t i a l a s s o c i a t i o n w i t h t he m i n e r a l i s a t i o n . 
3.2 Major Elements 
The most o b v i o u s c h e m i c a l v a r i a t i o n shown by b o t h V o l c a n i c Cycles i s 
t h a t o f s i l i c a e n r i c h m e n t , w i t h t h e r e s u l t a n t f o r m a t i o n o f b a s a l t . - a n d e s i t e -
d a c i t e - r h y o l i t e a s s o c i a t i o n s . The c o n t e n t s o f SiO^, Na^O and K^O i n t h e 
magmas i n c r e a s e and t h e t o t a l Fe, MgO, CaO, T i 0 2 , MnO and P^O^ l e v e l s 
decrease w i t h "advancing f r a c t i o n a t i o n " ( M i y a s h i r o , 1 9 7 4 ) . Since t h e s i l i c a 
c o n t e n t i n c r e a s e s f a i r l y r e g u l a r l y w i t h advancing f r a c t i o n a t i o n , " H a r k e r - t y p e " 
v a r i a t i o n diagrams can be used t o r e p r e s e n t t h e c o m p o s i t i o n a l v a r i a t i o n . 
The v a r i a t i o n diagrams, f o r some o f t h e major o x i d e s from b o t h the Lower and Upper 
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V o l c a n i c Cycles are shown i n F i g u r e s 3.1 and 3.3. 
I t i s c l e a r f r o m F i g u r e 3.1 t h a t t h e r e i s a c o n t i n u o u s v a r i a t i o n i n 
t h e Lower V o l c a n i c Cycle f r o m b a s a l t s towards r h y o l i t e s ; s u p p o r t i n g the 
smooth changes i n t h e c o m p o s i t i o n o f p l a g i o c l a s e , and the decrease i n the 
c o n t e n t o f f e r r o m a g n e s i o n m i n e r a l s , t h r o u g h the s e r i e s . No gap i s e v i d e n t 
i n t h e s i l i c a c o n t e n t o f these s e r i e s . I n the Upper V o l c a n i c Cycle, 
however, a continuum o f t h i s k i n d was n e i t h e r e s t a b l i s h e d i n the f i e l d , 
n o r d u r i n g t h e course o f l a b o r a t o r y e x a m i n a t i o n . F i g u r e s 3.1 and 3.3 
d e m o n s t r a t e s t h e gap between t h e Upper B a s i c S e r i e s and t h e i r r e l a t e d 
must 
d a c i t e s - r h y o d a c i t e s . The gap o b v i o u s l y ^ be p r e s e n t f o r o t h e r elements -
s i l i c a r e l a t i o n s h i p n o t p l o t t e d o r shown i n F i g u r e s 3.1 and 3.3. This 
gap i s a l s o w e l l pronounced p e t r o g r a p h i c a l l y and i s r e f l e c t e d i n the 
e n t i r e absence o f pyroxene and i n t e r m e d i a t e p l a g i o c l a s e from the d a c i t i c 
r h y o d a c i t i c Upper V o l c a n i c r o c k s . T a y l o r (1968) r e p o r t s a s i m i l a r gap 
between t h e Saipan a n d e s i t e s and d a c i t e s . 
The smooth v a r i a t i o n i n the Lower V o l c a n i c Cycle i s presumably caused 
by c o n t i n u o u s f r a c t i o n a t i o n f r o m b a s a l t t h r o u g h t o r h y o l i t e ( T a y l o r , 1968; 
M i y a s h i r o , 1974), whereas t h e c o m p o s i t i o n a l gap i n the Upper V o l c a n i c s 
may be c o n t r o l l e d by h i g h - l e v e l extreme f r a c t i o n a t i o n . T h is i s r e f l e c t e d 
i n e x p o n e n t i a l drops i n many major and t r a c e elements, r e s u l t i n g i n the 
e x t r e m e l y f r a c t i o n a t e d d a c i t e s - r h y o d a c i t e s o f the Upper V o l c a n i c Cycle, 
d i s c u s s e d i n 3.4. 
The v a r i a t i o n i n t h e ^'^^2^:^ c o n t e n t o f t h e H a r s i t v o l c a n i c s i s c l o s e l y 
comparable w i t h t h a t o f v o l c a n i c s f r o m o r o g e n i c areas (Jakes and White, 
1972a). S c a t t e r i n g o f A l 0 v a l u e s i s s t r o n g l y c o n t r o l l e d by t h e e x t e n t t o 
w h i c h t h e r o c k s are p o r p h y r i t i c . The Lower B a s i c S e r i e s c o n t a i n i n g 
abundant p l a g i o c l a s e p h o n o c r y s t s ( c f . s a m p l e s 86, 227) are r i c h i n AI2O2 
(and CaO) c o n t e n t s (compare samples 28, 30, 242 w i t h samples 178, 187) a t 
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FIGURE 3.1: A l 0 and CaO vs. SiO^ f o r b a s a l t s , a n d e s i t e s and d a c i t e s from 
t h e Lower (LVC) and Upper (UVC) V o l c a n i c Cycles. 
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a g i v e n s i l i c a v a l u e . W i t h i n c r e a s i n g s i l i c a c o n t e n t , the d i f f e r e n c e 
between t h e Lower and Upper V o l c a n i c Cycles become marked. I n the former 
Al^O^ decreases s l i g h t l y towards t h e r h y o l i t e s , w h i l e i n t h e l a t t e r , 
s u b s t a n t i a l l y c o n s t a n t A l ^ f ^ i n the b a s i c rocks i s f o l l o w e d by a s l i g h t 
e n r i c h m e n t i n the m i d d l e s t a g e and a subsequent decrease ( F i g . 3 . 1 ) . T his 
e f f e c t i s p r o b a b l y d e r i v e d f r o m t h e d i f f e r e n t f r a c t i o n a t i o n h i s t o r i e s o f 
p l a g i o c l a s e , d i s c u s s e d below. 
E x t r e m e l y Alg^^ r i c h samples f r o m b o t h s e r i e s , p a r t i c u l a r l y from the 
d a c i t e s - r h y o d a c i t e s o f t h e Upper V o l c a n i c Cycle, are o v e r s a t u r a t e d i n 
a l u m i n a and g i v e n o r m a t i v e corundum. This i s b e l i e v e d t o r e s u l t from 
secondary p r o c e s s e s , such as, k a o l i n i s a t i o n . The Upper V o l c a n i c Cycle 
have a h i g h e r modal K - f e l d s p a r c o n t e n t t h a n t h e d a c i t e s o f t h e Lower 
V o l c a n i c Cycle and a r e thus more s u b j e c t t o k a o l i n i t i c and/or s e r i c i t i c 
a l t e r a t i o n . 
The d i f f e r e n c e s i n t h e major and t r a c e element l e v e l s o f each v o l c a n i c 
c y c l e a r e summarised i n Table 3.1, u s i n g the Wilcoxon Rank Sum Test 
( W i l c o x o n and W i l c o x , 1964). Table 3.1 shows t h a t t h e r e i s a s i g n i f i c a n t 
d i f f e r e n c e between t h e t o t a l Te , as Ye^O^, c o n t e n t s o f t h e b a s a l t s from the 
Lower and Upper V o l c a n i c Cycles; the Lower B a s i c S e r i e s are c h a r a c t e r i s e d 
by r e l a t i v e l y h i g h ^©2*^3 c o n t e n t s . 
A n a l y s e s o f r o c k s f r o m t h e two c y c l e s are p l o t t e d i n an AFM diagram 
i n F i g u r e 3.2. The d i s t i n c t d i f f e r e n c e shown between the Lower and Upper 
V o l c a n i c s i s c l o s e l y c o m p a t i b l e t o t h a t between t h e Japanese P i g e o n i t i c 
and H y p e r s t h e n i c s e r i e s (Kuno, 1968a) o r between w o r l d w i d e t h o l e i i t i c and 
c a l c - a l k a l i n e s e r i e s as demonstrated by I r v i n e and Baragar (1971,p.528). 
The Lower V o l c a n i c Cycle i s c h a r a c t e r i s e d by t o t a l Fe e n richment, r e l a t i v e 
t o MgO and K„0+Na„0, i n t h e e a r l y stages o f f r a c t i o n a t i o n w h i l e i n the 
Upper V o l c a n i c Cycle, p a r t i c u l a r l y i n the b a s i c l a v a s , t h e r e i s l i t t l e o r 
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decrease s m o o t h l y w i t h i n c r e a s e i n K^OfNa^O t h r o u g h o u t f r a c t i o n a t i o n 
r e s u l t i n g i n a t r e n d w h i c h i s r o u g h l y p e r p e n d i c u l a r t o the F-M a x i s . 
E n r i c h m e n t o f t o t a l Fe, r e l a t i v e t o MgO, i s a l s o c l e a r f o r the Lower 
V o l c a n i c Cycle u s i n g " t h e Ferro-Femic I n d i c e s " . Coats (1968) has 
d e v i s e d an i n d e x t h a t expresses c o n c i s e l y t h e degree o f encrichment o f 
i r o n c h a r a c t e r i s t i c o f v a r i o u s d i f f e r e n t i a t i o n s e r i e s . "The F e r r o -
Femic I n d i c e s " o f t h e Lower and Upper V o l c a n i c Cycles are r e s p e c t i v e l y 
75 and 64, b e i n g c l o s e l y comparable v a l u e s t o those o f t h o l e i i t i c and 
c a l c - a l k a l i n e r o c k s , r e s p e c t i v e l y . 
Numerous s t u d i e s made p r e v i o u s l y (Kennedy, 1955; Kuno,1966; Osborn, 
1959, 1962) have shown t h a t , under moderate t o h i g h pressures o f oxygen, 
d i f f e r e n t i a t i o n l e a d s t o e n r i c h m e n t i n a l k a l i e s and s i l i c a , whereas c r y s t a l -
l i s a t i o n under v e r y low oxygen p r e s s u r e s l e a d s a l s o t o i r o n e n r i c h m e n t . 
The w a t e r c o n t e n t o f t h e i n i t i a l magmas e x e r t s g r e a t c o n t r o l over oxygen 
p r e s s u r e (Kuno 1966, 1968b; Yoder, 1969), and i s e s s e n t i a l t o the e a r l y 
f o r m a t i o n o f m a g n e t i t e (Osborn, 1^59). Thus, depending on the water 
c o n t e n t o f t h e magma, under c o n d i t i o n s o f c o n s t a n t o r i n c r e a s i n g oxygen 
f u g a c i t y , p r e c i p i t a t i o n o f m a g n e t i t e t a k e s p l a c e , w i t h a r e s u l t a n t c a l c -
a l k a l i n e m e l t , poor i n i r o n . The observed r e l a t i v e i r o n - e n r i c h m e n t i n the 
t h o l e i i t i c r o c k s o f t h e Lower V o l c a n i c Cycle thus p r o b a b l y r e s u l t s from 
the f a c t t h a t i r o n was n o t i n c o r p o r a t e d i n t o m a g n e t i t e i n the e a r l y stages 
o f c r y s t a l l i s a t i o n . 
The decrease i n MgO c o n t e n t , t o g e t h e r w i t h N i and Cr, w i t h i n c r e a s i n g 
s i l i c a can be e x p l a i n e d l a r g e l y by t h e i r p r e f e r e n t i a l i n c o r p o r a t i o n i n 
e a r l y formed o l i v i n e s and pyroxenses ( B u r n s , 1969/1970), A p h a n i t i c samples 
o f t h e Lower B a s i c S e r i e s have lo w e r MgO c o n t e n t s than p o r p h y r i t i c samples. 
I t i s i n t e r e s t i n g t o n o t e t h a t i n t r u s i v e d o l e r i t e s o f t h e Upper Basic 
S e r i e s have MgO v a l u e s s i m i l a r t o t h e Lower B a s i c S e r i e s and t h a t b o t h have 
l o w e r v a l u e s than t h e Upper B a s i c S e r i e s l a v a s . 
B a s i c r o c k s o f t h e Lower V o l c a n i c Cycle have s i g n i f i c a n t l y h i g h e r CaO 
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c o n t e n t s t h a n t h e i r c o u n t e r p a r t s from t h e Upper V o l c a n i c s ( F i g . 3 . 1 , Table 3.1), 
presumably r e f l e c t i n g t h e more b a s i c n a t u r e o f t h e i r p l a g i o c l a s e . There i s 
a c o n t i n u o u s decrease i n t h e CaO c o n t e n t o f th e Lower V o l c a n i c s gs the s i l i c a 
v a l u e s i n c r e a s e , w h i l e i n th e Upper V o l c a n i c Cycle, p a r t i c u l a r l y i n the 
b a s i c l a v a s , a s l i g h t i n c r e a s e i s f o l l o w e d by a sharp decrease as the roc k s 
become d a c i t i c - r h y o d a c i t i c i n c o m p o s i t i o n . T h i s p a t t e r n o f v a r i a t i o n , 
t a k e n t o g e t h e r w i t h t h o se f o r Al^O^ and Sr, suggests t h a t pyroxene 
c o n t r o l l e d f r a c t i o n a t i o n i n t h e b a s a l t s o f th e Upper Basic S e r i e s , a l l o w i n g 
b u i l d up o f Ca and Sr. Once p l a g i o c l a s e s t a r t t o f r a c t i o n a t e t h e l e v e l s 
o f Ca and Sr i n the magma w i l l f a l l . 
An o r t h o d o x a l k a l i - s i l i c a v a r i a t i o n d i a g r a m can be used t o d i s t i n g u i s h 
t h e s u b a l k a l i n e r o c k s ( e . g . t h o l e i i t i c and c a l c - a i k a l i n e , W i l k i n s o n , 1968) 
fr o m t h e a l k a l i n e r o c k s . A c c o r d i n g t o I r v i n e and Baragar (1971) over 90% 
o f a n a l y s e s p l o t s a t i s f a c t o r i l y i n t h e i r a p p r o p r i a t e f i e l d s . The a l k a l i -
s i l i c a d i a g r a m i s i l l u s t r a t e d i n F i g u r e 3.3. The diagram shows some 
s c a t t e r i n g , due t o t h e m o b i l i t y o f K and Na, b u t d e s p i t e t h i s most o f the 
Lower V o l c a n i c r o c k s p l o t w i t h i n , o r v e r y c l o s e t o , t he t r e n d f o r w e l l -
known t h o l e i i t i c r o c k s ( C a r m i c h a e l e t a l , 1 9 7 4 ) o r are c l o s e l y comparable 
t o t h e f i e l d o f t h e Japanese P i g e o n i t i c s e r i e s (Kuno,1960, 1968a, Sugimura, 
1968). The Upper V o l c a n i c s are s i m i l a r l y c o m p a t i b l e w i t h c a l c - a l k a l i n e 
r o c k s f r o m w e l l-known v o l c a n i c f i e l d s , p a r t i c u l a r l y w i t h those from t he 
Cascades, t h e Andes ( C a r m i c h a e l e t al , 1 9 7 4 ) and th e E n g l i s h Lake D i s t r i c t 
( F i t t o n , 1971a). 
The p l o t o f Si0.2(Wt%) a g a i n s t t h e m o l e c u l a r p r o p o r t i o n s r a t i o Na^O+K^O/ 
A1„0 (Sugimura, 1968) shown i n F i g u r e 3.4a a g a i n r e v e a l s a good s e p a r a t i o n 
between t h e Lower and Upper B a s i c S e r i e s . The r a t i o Na20+K20/Al202, 
expresses t h e " a l k a l i n i t y " o f a s u i t e and i n c r e a s e i n t h i s r a t i o makes t h e 
c o m p o s i t i o n o f t h e f e l d s p a r more a l k a l i c ( I b i d ) . T h i s i s i n accordance 
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FIGURE 3. 4 ( b ) 
t h e n o r t h e r n H a r s i t and Japanese, b a s i c v o l c a n i c r o c k s . 
D i s t r i b u t i o n o f 9 value s i n t h e Lower and Upper B a s i c 
S i e r i e s 
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Chapter 2. Japanese l a v a s a re a l s o p l o t t e d i n F i g u r e 3.4a. These p l o t s 
a g a i n show t h a t t h e Lower B a s i c S e r i e s are s i m i l a r t o t h e p i g e o n i t i c 
s e r i e s (Kuno,1960, p.125; Sugimura,1960 p.145), and the Upper Basic S e r i e s 
t o t h e H y p e r s t h e n i c s e r i e s Kuno,1960,pp.l25, 1 4 0 ) . 
Sugimura (1960, 1968) has d e r i v e d an i n d e x , t h e 0 i n d e x w h i c h a l l o w s 
comparison o f sub a l k a l i n e r o c k s i n terms o f a l k a l i s , s i l i c a and alumina. 
He has shown t h a t 0 u s u a l l y g i v e s a c o n s t a n t v a l u e f o r b a s a l t i c and 
a n d e s i t i c r o c k s o f one v o l c a n i c s o u r c e . I n F i g u r e 3.4b a '0' h i s t o g r a m 
o f t h e H a r s i t b a s i c r o c k s r e v e a l s a c l e a r s e p a r a t i o n o f the two s e r i e s . 
Mean v a l u e s a r e shown i n Table 3.2, where they are compared w i t h 0 valu e s 
o f v o l c a n i c s f r o m Japan. The d a t a c o n f i r m t h e s t r i k i n g s i m i l a r i t y between 
P i g e o n i t i c ( t h o l e i i t i c ) l a v a s and t h e Lower B a s i c S e r i e s and between the 
H y p e r s t e n i c ( c a l c - a l k a l i n e ) r o c k s and t h e Upper Basic S e r i e s . 
The t h o l e i i t i c and c a l c - a l k a l i n e a f f i n i t i e s o f the Lower and Upper 
V o l c a n i c Cycles r e s p e c t i v e l y can be f u r t h e r v e r i f i e d by u s i n g t h e a l k a l i n e -
l i m e i n d e x o f Peacock ( 1 9 3 1 ) . The Lower V o l c a n i c Cycle have an i n d e x o f 
65 and s h o u l d be termed a " C a l c i c S e r i e s " . The a n d e s i t e s o f such s u i t e s 
have v e r y c a l c i c p l a g i o c l a s e and a c c o r d i n g t o McBirney 1969, p.503 
"... are t y p i c a l o f v o l c a n i c b e l t s r i s i n g f rom m o d e r a t e l y deep seas o r v e r y 
near t h e edge o f t h i n c o n t i n e n t a l c r u s t i n r e g i o n s such as Mariana, Japan 
and A n t i l l e s " . The Upper V o l c a n i c c y c l e w i t h an i n d e x o f 58 are termed 
" c a l c - a l k a l i n e " . McBirney (1969, p.504) s t a t e s t h a t "... most a n d e s i t i c 
volcanoes near c o n t i n e n t a l margins, t h a t a re v i s i b l y u n d e r l a i n by c o n s i d e r a b l e 
t h i c k n e s s e s o f s i a l i c c r u s t e r u p t l a v a s t h a t b e l o n g t o the c a l c - a l k a l i n e 
s e r i e s " . 
The d i f f e r e n c e i n t h e K^O c o n t e n t s o f the two v o l c a n i c c y c l e s , shown i n 
t a b l e 3.1 i s h i g h l y s i g n i f i c a n t . No g r a d a t i o n s occur between t h e two, 
a l t h o u g h s p a t i a l l y t h e s e r i e s o v e r l a p . 
The f o r m a t i o n and s i g n i f i c a n c e o f K - r i c h v o l c a n i c rocks have been 
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r e p o r t e d f r o m v a r i o u s p a r t s o f t h e w o r l d . Moore (1962) p o i n t e d o u t t h a t 
i n Cenozoic r o c k s o f t h e w e s t e r n U n i t e d S t a t e s , K i s l e a s t abundant, 
r e l a t i v e t o t o t a l a l k a l i e s , i n a zone a l o n g t h e P a c i f i c c o a s t becoming 
more abundant towards t h e e a s t where t h e c o n t i n e n t a l c r u s t t h i c k e n s . 
Moore conclu d e d t h a t , i n t h e e a s t , t h e y a c q u i r e d t h e i r h i g h K/Na r a t i o s 
f r o m t h e c r u s t by m e l t i n g and c o n t a m i n a t i o n . I n New Zealand, where a 
c o n t i n e n t a l c r u s t u n d e r l i e s t he v o l c a n i c b e l t , Ewart and S t i p p (1968) 
have i n v o k e d t h a t t h e o r i g i n o f the a n d e s i t i c t o r h y o l i t e s u i t e i s 
c o n s i s t e n t w i t h a h y p o t h e s i s i n v o l v i n g a s s i m i l a t i o n o f T r i a s s i c t o J u r a s s i c 
e u g e o s y n c l i n a l greyw.acke and a r g i l l i t e sediments. Hypotheses r e l a t i n g t he 
f o r m a t i o n o f t h e Japanese c a l c - a l k a l i n e ( H y p e r s t h e n i c ) rocks t o c o n t a m i n a t i o n 
o f magmas w i t h g e o s y n c l i n a l and/or g r a n i t i c m a t e r i a l have been proposed by 
A o k i and O j i (1966) and Kuno (1 9 6 8 b ) . I n g e n e r a l , i n the g e n e r a t i o n o f 
c a l c - a l k a l i c r o c k s , s i a l i c o r g r a n i t i c c o n t a m i n a t i o n o f " b a s a l t i c magma i s 
a p r e r e q u i s i t e . T h i s i s f o l l o w e d by f r a c t i o n a l c r y s t a l l i s a t i o n and t h e 
g e n e r a t i o n o f more e v o l v e d c a l c - a l k a l i n e members (Kuno, 1950; T i l l e y , 1950). 
The P o n t i d V o l c a n i c B e l t and remnant P o n t i a n Land basement r o c k s , F i g u r e 
1.2 c l e a r l y r e p r e s e n t s a magmatic a r c , u n d e r l a i n by a s i a l i c c r u s t . There 
i s however l i t t l e o r no da t a r e l a t e d t o the t h i c k n e s s e s o f t h e c o n t i n e n t a l 
c r u s t (Neprochnov e t a l , 1974; Brinkmann, 1972, 1976), a l t h o u g h i t p r o b a b l y 
becomes t h i n n e r towards t he N o r t h A n a t o l i a n F a u l t , near t o the proposed 
t r e n c h (see Chapter 1 ) , where i t i s r e p l a c e d by mantle d e r i v e d u l t r a m a t i c 
r o c k s (Brinkmann,1972, p.622, F i g . 2 ) . 
I f c o n t a m i n a t i o n o f b a s i c magmas by a s s i m i l a t i o n o f upper c r u s t a l 
m a t e r i a l , o r by m i x i n g w i t h a c i d r o c k s , p l a y s a p a r t i n the p r o d u c t i o n o f 
t h e H a r s i t v o l c a n i c s , t h e t h e o r y must a p p l y e q u a l l y t o b o t h t h e Lower and 
Upper V o l c a n i c Cycles, s i n c e t h e i r d i s t r i b u t i o n seems u n r e l a t e d t o p o s i t i o n 
i n t h e a r c . A s s i m i l a t i o n o f basement r o c k s by r i s i n g magma would n o t 
a d e q u a t e l y e x p l a i n t he en r i c h m e n t o f K, Ba, Rb e t c . i n the Upper V o l c a n i c 
Cycle r e l a t i v e t o the Lower V o l c a n i c r o c k s . T h i s , however, may be 
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e x p l i c a b l e i n terms o f a d i f f e r e n t s o u rce m a t e r i a l and f r a c t i o n a t i o n s t a g e 
f o r each v o l c a n i c u n i t as d i s c u s s e d below. 
TiOg l e v e l s and v a r i a t i o n s i n the two v o l c a n i c c y c l e s are comparable. 
F i g u r e 3.5 shows t h a t b o t h s e r i e s have TiO^ c o n t e n t s c o m p a t i b l e w i t h i s l a n d 
a r c b a s a l t s and a n d e s i t e s (Pearce and Gale,1977). 
There i s no s i g n i f i c a n t d i f f e r e r e n c e i n the MnO d i s t r i b u t i o n o f t h e 
two v o l c a n i c c y c l e s ( T a b l e 3 . 1 ) , The h i g h c o n t e n t s i n some Lower B a s i c 
r o c k s , a p p a r e n t l y u n a f f e c t e d by m i n e r a l i s a t i o n , are b e l i e v e d t o be due t o 
the r e l a t i v e l y h i g h m o b i l i t y o f t h i s element. 
^2^5 ^ tendency t o c o n c e n t r a t e d u r i n g t h e e a r l y p a r t o f t h e main 
s t a g e o f c r y s t a l l i s a t i o n , presumably as a p a t i t e . The r e l a t i v e l y h i g h P„0 
c o n t e n t o f t h e Upper B a s i c S e r i e s ( T a b l e 3.1) may be a t t r i b u t e d t o t h e 
presence o f h o r n b l e n d e and b i o t i t e , s i n c e hydrous s i l i c a t e s may accept 
more phosphorus t h a n anhydrous ones, a l t h o u g h t h e d i f f e r e n c e i s s m a l l 
(Anderson and Greenland,1969). I n t h e Upper V o l c a n i c s P^O^ tends t o 
remain c o n s t a n t u n t i l a s i l i c a l e v e l o f a p p r o x i m a t e l y 60% i s reached, 
f o l l o w e d by a sharp decrease ( T a b l e 3 . 1 ) . T h i s p a t t e r n i s s i m i l a r t o 
t h a t o f CaO, and may i n d i c a t e t h a t f r a c t i o n a t i o n o f a p a t i t e , l i k e p l a g i o c l a s e , 
d i d n o t t a k e p l a c e u n t i l a r e l a t i v e l y l a t e s t a g e . I n t h e Lower V o l c a n i c s 
t h e l ow Pr,Or l e v e l a re a t t r i b u t e d t o e a r l y f r a c t i o n a t i o n o f t h i s element, 
y i e l d i n g a m e l t low i n P2^5' 
3.3 Trace Elements 
I n r e c e n t y e a r s , s t u d i e s r e l a t e d t o t h e a l t e r a t i o n o f o c e a n - f l o o r 
b a s a l t s (Cann, 1970a) and v o l c a n i c s s u b j e c t t o metamorphism o r e x t e n s i v e 
a l t e r a t i o n ( F l o y d and W i n c h e s t e r , 1975, 1978; Winchester and F l o y d , 1977; 
Whitehead and Goodfellow, 1978) have r e v e a l e d t h a t t h e t r a c e elements Ba, 
Rb and, t o a l e s s e r e x t e n t , Sr have been s i g n i f i c a n t l y r e d i s t r i b u t e d . Other 
e l e m e n t s , such as T i , Z r , Y, Nb, P, Cr and N i are g e n e r a l l y c o n s i d e r e d t o 









































i m m o b i l e elements can be used s a t i s f a c t o r i l y t o d i s c r i m i n a t e between 
s u b a l k a l i n e and a l k a l i n e b a s a l t i c r o c k s . D i s t i n c t i o n between t h o l e i i t i c 
and c a l c - a l k a l i n e s e r i e s i s l e s s c e r t a i n due t o i n s u f f i e n t data (Winchester 
and F l o y d , 1977). The H a r s i t V o l c a n i c rocks show v a r y i n g degrees o f 
c h e m i c a l w e a t h e r i n g and are thus m a i n l y d i s c u s s e d i n terms o f t h e immobile 
t r a c e e l e m e n t s . The p r e s e n t s t u d y shows t h a t s i g n i f i c a n t d i s t i n c t i o n s may 
be o b t a i n e d between t h o l e i i t i c and c a l c - a l k a l i n e rocks u s i n g Nb, Y and Z r 
c o n t e n t s . 
T a y l o r and White (1966) and P r i n z (1968) have shown t h a t t h e l a r g e 
c a t i o n s ; K, Rb, Ba, Ca, Sr and Na, t h e f e r r o m a g n e s i a n elements; Cr and N i , 
and t h e c h a l c o p h i l e e l e m e n t j C u g i v e v a l u a b l e i n f o r m a t i o n r e l a t i n g t o t h e 
course o f c r y s t a l l i s a t i o n , and t o source m a t e r i a l . 
The major d i f f e r e n c e s i n the t r a c e element l e v e l s o f each v o l c a n i c 
u n i t a re shown i n Table 3.1. S i g n i f i c a n t d i f f e r e n c e s occur between the 
Lower and Upper B a s i c S e r i e s . Ba, Nb, Z r , Sr, Rb, Cu, N i and Cr are 
h i g h e r i n t h e Upper B a s i c S e r i e s . The e n r i c h m e n t o f the above elements 
f r o m t h o l e i i t i c t o c a l c - a l k a l i n e and s h o s h o n i t i c rocks i s w e l l e s t a b l i s h e d 
i n i s l a n d a r c s (Jakes and G i l l , 1970; Pearce and Cann, 1973). Table 3.3 
summarises t h e t r a c e element c o n t e n t s o f r o c k s w i t h t h o l e i i t i c , c a l c -
a l k a l i n e and s h o s h o n i t i c a f f i n i t i e s . 
I n a g e n e r a l sense, i n b o t h v o l c a n i c c y c l e s Ba, Rb and Zr i n c r e a s e 
w i t h s i l i c a . T h i s t r e n d would n o r m a l l y r e s u l t from f r a c t i o n a l c r y s t a l l i s a t i o n 
o f b a s a l t i c magma ( T a y l o r 1969). An e x p o n e n t i a l decrease i n the l e v e l s o f 
Cr, N i and Cu t o g e t h e r w i t h an i n c r e a s e i n Sr, f o l l o w e d by a sharp decrease 
when t h e r o c k s become a c i d i c i n c o m p o s i t i o n , are i m p o r t a n t c h a r a c t e r i s t i c s 
o f t h e Upper V o l c a n i c Cycle ( T a b l e 3 . 1 ) . This s e r i e s a l s o shows Nb 
e n r i c h m e n t i n l a t e r d i f f e r e n t i a t e s w h i l e Nb i s s u b s t a n t i a l l y c o n s t a n t i n 
t h e Lower V o l c a n i c C y c l e . 
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amongst t h e s t a t i s t i c a l l y h i g h e r v a l u e s o f t h e Upper V o l c a n i c Cycle. The 
h i g h e s t Ba v a l u e s f o r b a s i c r o c k s o c c u r i n the i n t r u s i v e d o l e r i t e s ( T a b l e 3.3) 
and are comparable w i t h l e v e l s found i n s h o s h o n i t i c r o c k s . A l t h o u g h many 
d o l e r i t e s are near t o m i n e r a l i s e d areas, sample 184 and 186 are 9t some 
c o n s i d e r a b l e d i s t a n c e f r o m t h e m i n e r a l i s a t i o n . T h i s suggests t h a t 
c o n t a m i n a t i o n from u n d e r l y i n g b a r y t i c beds, d u r i n g the course o f i n t r u s i o n , 
i s u n l i k e l y . Had such c o n t a m i n a t i o n o c c u r r e d t h e d o l e r i t e s might a l s o have 
been e n r i c h e d i n Mh o r Fe (Chapter 8 ) . 
The b e h a v i o u r o f Rb i s s i m i l a r t o t h a t o f K and Ba. The element b e i n g 
e n r i c h e d i n l a t e f r a c t i o n a t e s . A c c o r d i n g t o Jakes and White (1970) t h o l e i i t i c 
i s l a n d a r c r o c k s have h i g h K/Rb r a t i o s vhen compared t o c a l c - a l k a l i n e and 
s h o s h o n i t i c t y p e s , a f e a t u r e w h i c h i s n o t shown by the H a r s i t v o l c a n i c s . 
The p l o t o f K . a g a i n s t Rb shown i n F i g u r e 3.6 r e v e a l s c o n s i d e r a b l e s c a t t e r i n g 
o f v a l u e s , m o s t l y i n t h e b a s i c members o f each s e r i e s : the Lower Basic 
S e r i e s have a range o f K/Rb from 95 t o 790 and the Upper Basic S e r i e s from 
175 t o 500. The v a l u e s o f the r a t i o f o r t h e Lower Basic S e r i e s are 
c o n s i d e r a b l y l o w e r t h a n f o r t h e t h o l e i i t i c r o c k s d i s c u s s e d by Jakes and 
W hite (1970, t a b l e 2 ) , whose K/Rb r a t i o s v a r y between 510 and 1070. Since 
t h e K c o n t e n t s are n o r m a l , t h e g e n e r a l l y low K/Rb r a t i o s , compared w i t h t h e 
o t h e r t h o l e i i t i c s u i t e s , must be due t o r e l a t i v e l y h i g h Rb c o n t e n t s . 
Brown e t a l (1977) a t t r i b u t e d low K/Rb r a t i o s i n the i s l a n d a r c t h o l e i i t e s 
o f t h e L e s s e r A n t i l l e s t o a h i g h l e v e l f r a c t i o n a t i o n o f p r i m a r y m e l t s , w i t h 
amphibole among the s e p a r a t i n g phases, y i e l d i n g r e s i d u a l l i q u i d s w i t h low 
K/Rb r a t i o s . 
F i g u r e 3.6 a l s o shows t h a t K/Rb r a t i o s tend t o decrease as the K c o n t e n t 
i n c r e a s e s f r o m t h e Lower t o t h e Upper V o l c a n i c Cycles. D i c k i n s o n and 
H a t h e r t o n (1967) and Jakes and White (1970) have shown t h a t i n c r e a s e i n 
K c o n t e n t o f l a v a s a c r o s s i s l a n d a r c s , i n a d i r e c t i o n away fr o m t h e ocean, 





• Upper Volcanic Cycle 
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10 50 '00 Rb ppm 500 1000 
FIGURE 3.6: Kvs. Rb f o r v o l c a n i c r o c k s f r o m t h e n o r t h e r n H a r s i t r i v e r area 
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t h a t s i m i l a r v a r i a t i o n i n K, and K/Rb r a t i o s , can a l s o occur i n t i m e . 
Goldschmidt (1954) s t a t e d t h a t Zr i n c r e a s e s as d i f f e r e n t i a t i o n 
proceeds f r o m m a f i c t o s i l i s i c r o c k s , w h i l e Chao and F l e i s c h e r (1960) 
have shown t h a t more Z r i s more s o l u a b l e i n a l k a l i c magmas than i n t h o l e i i t i c 
magmas. The low and h i g h Zr c o n t e n t s o f t h e Lower and Upper V o l c a n i c Cycles 
r e s p e c t i v e l y ( T a b l e 3.1) are i n accordance w i t h t h i s . T a y l o r (1969) 
p o i n t e d o u t t h a t l a r g e h i g h l y charged c a t i o n s ( e . g . Zr,Nb) a r e e n r i c h e d i n 
v o l a t i l e r i c h magmas. Enrichment o f those elements o n l y occurs i n the 
Lower V o l c a n i c c y c l e i n t h e l a t e s t a ge r h y o l i t i c b r e c c i a s where t h e r e i s 
a l a r g e i n c r e a s e r e l a t i v e t o t h e d a c i t i c l a v a s . I n t h e Upper V o l c a n i c s 
p r o g r e s s i v e e n r i c h m e n t o f Z r and Nb takes p l a c e t h r o u g h o u t c r y s t a l l i s a t i o n 
and may be r e l a t e d t o a h i g h e r w a t e r c o n t e n t i n t h e magma. D i f f e r e n t i a t i o n 
o f t h e Lower V o l c a n i c Cycle i s e s s e n t i a l l y a process i n v o l v i n g a d r y magma. 
I n such a s i t u a t i o n e n r i c h m e n t o f i n c o m p a t i b l e elements i n t o r e s i d u a l 
l i q u i d s w i l l be m i n i m a l . The Upper V o l c a n i c Cycle c o n v e r s e l y has formed 
f r o m a much w e t t e r magmas w i t h t h e r e s u l t a n t , pronounced f r a c t i o n a t i o n 
o f i n c o m p a t i b l e s and t h e i r s t e a d y e n r i c h m e n t t h r o u g h o u t c r y s t a l l i s a t i o n . 
These f a c t s suggests t h a t t h e m i n e r a l i s a t i o n , a s s o c i a t e d w i t h t h e h i g h l y 
p y r o c l a s t i c r h y o l i t i c r o c k s o f t h e waning stage o f the Lower V o l c a n i c c y c l e 
may suggest t h a t a d d i t i o n o f w a t e r t o t h i s magma was a l a t e stage e v e n t , 
r e s p o n s i b l e f o r b o t h t h e e x p l o s i v e n a t u r e o f t h e r h y o l i t i c s and t h e a d d i t i o n 
o f o r e components. Some s i g n i f i c a n c e may w e l l a t t a c h t o the c o r r e l a t i o n 
between t h e s e r h y o l i t e s , r h y o l i t i c b r e c c i a s t h e m i n e r a l i s a t i o n , and t h e 
dominant f r a c t u r e p a t t e r n . The f r a c t u r e p a t t e r n p r o v i d i n g channel ways 
f o r c i r c u l a t i n g h y d r o t h e r m a l f l u i d s (Chapter 5.1 ) . 
I n i gneous r o c k s Sr i s c l o s e l y a s s o c i a t e d w i t h Ca, i t s d i s t r i b u t i o n 
b e i n g s t r o n g l y c o n t r o l l e d by t h a t o f p l a g i o c l a s e ( P r i n z , 1968). I n t h e 
Lower V o l c a n i c r o c k s Sr decreases smoothly when t h e rocks become a n d e s i t i c -
d a c i t i c i n c o m p o s i t i o n . I n t h e h i g h Sr c o n t a i n i n g Upper B a s i c S e r i e s , Sr 
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i n c r e a s e s f r o m b a s a l t s t o a n d e s i t e s when a sudden drop i n t h e Sr l e v e l 
o c c u r s and low amounts p e r s i s t t h r o u g h o u t the a c i d i c members (Table 3 . 1 ) . 
I n t h e l a t t e r c r y s t a l l i s a t i o n and subsequent removal o f p l a g i o c l a s e o n l y 
t o o k p l a c e a t a l a t e s t a g e , p o s s i b l y due t o magma g e n e r a t i o n a t depths 
where p l a g i o c l a s e was u n i s t a b l e , as suggested by D o s t a l e t a l ( 1 9 7 7 ) . 
Yoder and T i l l e y (1962) have a l s o shown t h a t h i g h PH 0 w i l l supress 
p l a g i o c l a s e c r y s t a l l i s a t i o n i n b a s i c magmas. I n the Lower B a s i c S e r i e s 
Sr d e p l e t i o n may be e x p l a i n e d by i t s i n c o r p o r a t i o n i n t o e a r l y formed 
p l a g i o c l a s e y i e l d i n g a Sr i m p o v e r i s h e d m e l t and subsequent Sr poor p r o d u c t s . 
T a y l o r ( 1 9 6 9 ) has suggested t h a t f r a c t i o n a l c r y s t a l l i a t i o n would produce low 
K/Rb, Ba/Rb and h i g h Rb/Sr, Ba/Sr r a t i o s . The p l o t o f Sr versus Rb i n 
F i g u r e 3.7 shows a c l e a r s e p a r a t i o n between t h e ro c k s o f the Lower and 
Upper V o l c a n i c C y c l e s . The Rb/Sr r a t i o , however, i n c r e a s e s from b a s a l t i c 
t o d a c i t i c t o r h y o l i t i c r o c k s i n b o t h s e r i e s , i n d i c a t i n g the e f f e c t s o f 
i n d e p e n d e n t f r a c t i o n a l c r y s t a l l i a t i o n i n each v o l c a n i c c y l e . Both c y c l e s 
show t r e n d s i n t h e i r b a s i c s e r i e s w h i c h are c l o s e l y s i m i l a r t o those r e p o r t e d 
by Brown e t a l (1977) f o r b a s a l t s and a n d e s i t e s from the Lesser A n t i l l e s , 
and o v e r a l l t r e n d s s i m i l a r t o those g i v e n f o r I c e l a n d i c rocks by Johanneson 
( 1 9 7 5 ) . I n t h e b a s i c members t h e t r e n d s are produced by i n c r e a s i n g Rb w i t h 
v i r t u a l l y c o n s t a n t Sr and i n t h e a c i d i c members by a sharp decrease i n Sr a t 
n e a r - c o n s t a n t Rb ( F i g u r e 3 . 7 ) . The absence o f s i g n i f i c a n t amphibole i n the 
b a s i c r o c k s , p a r t i c u l a r l y i n the Lower B a s i c S e r i e s , m i t i g a t e s a g a i n s t 
amphibole f r a c t i o n a t i o n as a c o n t r o l l i n g mechanism f o r Rb b u i l d up as 
advocated by Brown e t a l ( 1 9 7 7 ) . P l a g i o c l a s e does n o t seem t o have a f f e c t e d 
Sr l e v e l s i n t h e r e s i d u a l l i q u i d s u n t i l t h e more a c i d , d a c i t e s - r h y o d a c i t e s 
c r y s t a l l i s e d , when Sr d e p l e t i o n i s v e r y marked. 
N i i s s i g n i f i c a n t l y h i g h e r i n the b a s i c l a v a s o f the Upper V o l c a n i c 
Cycle t h a n i n t h e i r Lower V o l c a n i c Cycle c o u n t e r p a r t s ( T a b l e 3.1) a l t h o u g h 
i n t r u s i v e d o l e r i t e s o f t h e U p p e r V o l c a n i c s have low N i values ( T a b l e 3.3 ) . 
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FIGURE 3.7: L o g a r i t h m i c p l o t o f Sr vs.Rb f o r v o l c a n i c rocks f r o m t h e 
Lower and Upper V o l c a n i c Cycles 
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The e x p o n e n t i a l decrease i n N i w i t h i n c r e a s i n g s i l i c a c o n t e n t i s due t o 
i t s p r e f e r e n t i a l i n c o r p o r a t i o n i n o l i v i n e and pyroxenes ( T a y l o r , 1 9 6 5 ; 
Burns 1969/1970). E a r l y c r y s t a l l i s a t i o n and removal o f these phases 
causes N i d e p l e t i o n i n r e s i d u a l l i q u i d s r e s u l t i n g i n v e r y low l e v e l s i n 
most o f t h e Lower V o l c a n i c Cycle and i n the d a c i t e s and r h y o d a c i t e s o f t h e 
Upper V o l c a n i c s . The low N i (and Mg,Cr) c o n t e n t s o f t h e i n t r u s i v e d o l e r i t e s 
i s a t t r i b u t e d t o a p r o l o n g e d , p e r i o d o f c r y s t a l l i s a t i o n , a l t h o u g h t h e data 
i s t o o l i m i t e d t o draw any f i r m c o n c l u s i o n s . Green and Ringwood (1967) 
proposed a mechanism such t h a t t h e abundances o f " i n c o m p a t i b l e elements; 
K , T i , P,Ba, Rb,Sr" i n magmas, can be e x p l a i n e d by the i n t e r a c t i o n o f l i q u i d 
w i t h w a l l r o c k s . They p o i n t e d o u t t h a t i n t e r a c t i o n w i t h w a l l rocks may 
promote some 5-20% pyroxene c r y s t a l l i s a t i o n . The v a l i d i t y o f the 
e n r i c h m e n t o f i n c o m p a t i b l e elements by t h i s process has r e c e n t l y been 
q u e s t i o n e d by Cast (1968) and found t o be i n a d e q u a t e . However, i t may be 
argued t h a t due t o t h e p r o l o n g e d p e r i o d o f c r y s t a l l i s a t i o n these i n t r u s i v e s 
may show marked c r y s t a l f r a c t i o n a t i o n . Removal o f pyroxenes and o l i v i n e s 
would t h e n d e p l e t e t h e l i q u i d f r a c t i o n i n N i (and Mg,Cr) and c a u s i n g 
r e l a t i v e e n r i c h m e n t o f Ba,Rb,Zr. The h i g h N i c o n t e n t o f t h e Upper B a s i c 
Cycle l a v a s , however, presumably d e r i v e s from an ascending magmatic l i q u i d 
f r o m w h i c h N i - r i c h phases such as o l i v i n e and pyroxene are n o t removed 
u n t i l a l a t e s t a g e i n t h e c r y s t a l l i s a t i o n h i s t o r y , i n a s i m i l a r manner t o 
l a t e s t a g e a p a t i t e and p l a g i o c l a s e f r a c t i o n a t i o n . 
Cr has a s i m i l a r d i s t r i b u t i o n p a t t e r n t o N i i n the H a r s i t v o l c a n i c s , 
w i t h p o s i t i v e c o r r e l a t i o n between Cr, N i and Mg, p a r t i c u l a r l y i n the Upper 
V o l c a n i c C y c l e . Four l o w e r b a s i c l a v a samples however show a n o m a l i o u s l y 
h i g h Cr c o n t e n t s o f 130 t o 150 ppm w i t h no e q u i v a l e n t i n c r e a s e s i n e i t h e r 
MgO o r N i . The Cr e n r i c h m e n t shown by t h e f o u r samples can be a t t r i b u t e d 
n e i t h e r t o t h e i r u n f r a c t i o n a t e d n a t u r e nor t h e i r a c c u m u l a t i v e o r i g i n , indeed 
sample 242, w i t h 130ppm Cr, i s a p h a n i t i c . Cr i s most l i k e l y t o be l o c a t e d 
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i n pyroxene and magnetite(Prinz ,1968). O l i v i n e does not r e a d i l y take 
3+ 
Cr i n t o i t s s t r u c t u r e , although common i n c l u s i o n s of chrome-spinel i n 
o l i v i n e allow s u b t r a c t i o n of Cr from the l i q u i d (Cast,1968). The low 
Ni contents of 0 to 23 ppm i n these samples suggest that pyroxene i s not 
r e s p o n s i b l e for enhanced Cr l e v e l s . The Lower Volcanic Cycle show i r o n 
enrichment r e l a t i v e to the Upper V o l c a n i c s as l i t t l e magnetite i s formed 
during the e a r l y stages of c r y s t a l l i s a t i o n . Consequently Cr may remain 
i n the melt causing l i t t l e Cr enrichment ( l i k e i r o n ) , unless i t can be 
shown th a t Cr i s incorporated i n pyroxene or o l i v i n e as chrome-spinel 
i n c l u s i o n s . 
The v a l i d i t y of the argument may be supported by the Zn d i s t r i b u t i o n 
of the v o l c a n i c s (Table 3.1). The higher Zn content of the Lower, 
r e l a t i v e to the Upper, B,asic S,eries i s b e l i e v e d to be the d i r e c t e f f e c t of 
i r o n enrichment i n the former. E a r l y formed magnetite i n the Upper Volcanic 
C y c l e , thus c r e a t e s s i t e s f o r Zn s u b s t i t u t i o n i n the magnetite s t r u c t u r e 
( c f . T a y l o r , 1965). 
Cu i s s i g n i f i c a n t l y lower i n the Lower r e l a t i v e to the Upper B a s i c 
S e r i e s (Table 3.1). The l a c k of a p o s i t i v e c o r r e l a t i o n between S and Cu 
suggests t h a t e a r l y formed sulphides have l i t t l e a f f e c t on the f r a c t i o n a t i o n 
of Cu i n e i t h e r s e r i e s . Cu l e v e l s found i n the Lower B a s i c S e r i e s are 
anomaliously low f o r t h o l e i i t e whose median value i s 123 ppm according 
to P r i n z (1968,p.278). The presence of Cu m i n e r a l i s a t i o n , a s s o c i a t e d with 
the r h y o l i t e s and r h y o l i t i c t u f f s and b r e c c i a s of the waning stage of the 
Lower C y c l e , suggests the p o s s i b i l i t y that the lower Cu contents i n the 
u n d e r l y i n g l a v a s are the r e s u l t of l e a c h i n g by the m i n e r a l i s i n g f l u i d s . 
The t h o l e i i t i c and c a l c - a l k a l i n e a f f i n i t i e s of the Lower and Upper 
V o l c a n i c C y c l e s , r e s p e c t i v e l y , are f u r t h e r s u b s t a n t i a t e d using immobile 
t r a c e elements. 
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and Cann (1973). B a s a l t s of the Lower Volcanic Cycle p l o t s u b s t a n t i a l l y 
i n the t h o l e i i t i c f i e l d whereas b a s a l t s of the Upper Volcanic u n i t are 
predominantly c a l c - a l k a l i n e . 
Whitehead and Goodfellow (1978), using a Nb:Y:Zr ternary p l o t , have 
shown t h a t ocean-floor t h o l e i i t i c b a s a l t s can be separated e f f i c i e n t l y 
from a l k a l i n e b a s a l t s , while Pearce and Cann (1973) have used Y/Nb r a t i o s 
to d i s t i n g u i s h between magma types. They demonstrated that the r a t i o 
i n c r e a s e s p r o g r e s s i v e l y from a l k a l i c through c a l c - a l k a l i n e to t h o l e i i t i c 
types although some degree of overlap occurs. Figure 3.9 ( a ) and (b) 
suggests t h a t the Nb:Y:Zr p l o t , w i l l d i s t i n g u i s h between i s l a n d - a r c 
t h o l e i i t i c , c a l c - a l k a l i n e and a l k a l i n e b a s a l t s and andesites with over 
90% c e r t a i n t y r e g a r d l e s s of t h e i r degree of a l t e r a t i o n . I n Figure 3.9(a) 
r e s p e c t i v e f i e l d s f o r each s u i t e are d e l i n e a t e d using a v a i l a b l e published 
data, presented i n Table 3.4. B a s a l t s and a n d e s i t e s from the H a r s i t v o l c a n i c s , 
i n c l u d i n g a l t e r e d samples, are p l o t t e d i n F i g u r e 3.9(b). They p l o t w i t h i n 
the a p p r o p r i a t e i s l a n d - a r c t h o l e i i t i c and c a l c - a l k a l i n e f i e l d s . 
3.4 P e t r o g e n e s i s 
Geocheraical data f o r v o l c a n i c rocks from the Pontid B e l t are very 
l i m i t e d . Tugal (1969) has presented a number of analyses from the area 
around Lahonos, 20 km southwest of the H a r s i t r i v e r . A k i n c i (1974) has 
a l s o analysed v o l c a n i c s from the BulancaX area some 50 km west of the present 
a r e a . The a n a l y s e s presented by Tugal are i n c o n c l u s i v e s i n c e they probably 
i n c l u d e m a t e r i a l which has been a l t e r e d both by weathering and m i n e r a l i s i n g 
f l u i d s . A k i n c i attempted to separate h i s Lower B a s i c S e r i e s and the young 
b a s i c dykes, concluding that the Lower V o l c a n i c Cycle was c a l c - a l k a l i n e 
and the l a t t e r , t h o l e i i t i c . Re-examination of h i s data suggests that they 
could r e a d i l y be r e - i n t e r p r e t e d i n the opposite sense. P e c c e r i l l o and 
T a y l o r (1976,1977) have analysed a l i m i t e d number of v o l c a n i c rocks from 
the western Pontids. T h e i r a n a l y s e s are f a r too few to draw any f i r m 
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TABLE 3.4: D i s t r i b u t i o n of the Zr, Y, Nb f o r c h a r a c t e r i s i n g the 
d i f f e r e n t magma types 
Magmatic S u i t e Area 2r Y Nb Refer 
LKT I z u a r c (Oshima) 44 21 1 1 
LKT Tonga a r c ( F a l c o n I s l a n d ) 33 17 1.5 1 
LKT Marianas a r c (Guam) 52 16 2.5 1 
LKT F i j i ( V i t i Levu) 68 22 0 2 
LKT South Sandwich I s l a n d 44 18 2 1 
LKT Saipan andesite 90 25 0.3 3 
T Niva Fo'ou ( N l l l ) 93 30 3.7 4 
T Tafah i (T116) 7,6 6 0.56 4 
T Taoul (7128) 16 9.4 0.45 4 
T Mccarley (10380) 37 13 0.61 4 
T L'Esperance (14840) 40 18 0.76 4 
T L e s s e r A n t i l l e s ( S t . K i t t s ) 87 24 1 5 
T Lower B a s i c S e r i e s , H a r s i t 79 27 2,8 pres 
CA Java a r c 107 24 3.5 1 
CA L e s s e r A n t i l l e s ( S t . L u c i a ) 90 23 3 1 
CA L e s s e r A n t i l l e s (Dominica) 90 24 4 5 
CA Japan 64 15 2 1 
HCA Japan (12623) 46 13 2.1 6 
HCA Japan (12620) 108 24 3,9 6 
HCA Japan (12622) 117 26 2.9 6 
HCA Japan (12625) 120 25 5 6 
HCA Japan (12616) 100 22 2.6 6 
HCA Japan (12618) 115 23 4.5 6 
HCA Japan (12614) 125 25 4.3 6 
CA,basalt,mean - 106 23 2.5 1 
HAB - 126 25 5.6 7 
HAB - 100 20 4 3 
CA,low S i a n d e s i t e - 92 22 3.7 3 
CA, a n d e s i t e - 110 21 4.3 3 
CA,andesite - 126 25 4.6 7 
CA , Upper B a s i c S e r i e s ( H a r s i t ) 90 22 4.0 pres 
MA,olivine b a s a l t 234 32 48 7 
MA,trachybasalt - 282 38 87 7 
MA,hawaaite - 277 36 42 7 
MA,mugearite - 391 48 66 7 
MA,trachyandesite - 448 46 118 7 
A L e s s e r A n t i l l e s (Grenada) 125 24 8 5 
A Tetagouche,group -B, Noranda 220 34 24 8 
SA, phono L i t e - 839 44 178 7 
SA, b a s a n i t e - 330 31 84 7 
SA, Tetagouche, group C, Noranda 316 38 54 8 
References 
LKT = Low K . t h o l e i i t e 1 = Pearce and Cann (1973) 
T = T h o l e i i t e 2 = G i l l (1970) 
CA = C a l c - a l k a l i n e 3 = Taylor (1969) 
HCA = Hypersthenic ( C a l c - a l k a l i n e ) 4 = Ewart et a l . (1977) 
HAB = High A l - b a s a l t 5 = Brown e t a l (1977) 
MA = Mildiiy. a l k a l i n e 6 = Taylor and White (1966) 
A = A l k a l i n e 7 = Winchester and Floyd (1977) 
SA = S t r o n g l y a l k a l i n e 8 = Whitehead and Goodfellow (1978) 
-71-
c o n c l u s i o n s , and indeed the l o c a t i o n of the samples may w e l l be doubtful, 
as they come from areas which have not been mapped i n d e t a i l . 
The chemical evidence presented above c l e a r l y d i s t i n g u i s h e s the 
two V o l c a n i c Cycles and any proposed model fo r the generation of the 
Pontid magmatic a r c magmas must account for the following f a c t o r s . 
a) The chemical d i f f e r e n c e i s i n time with v a r i a t i o n from an Upper 
Cretaceous, t h o l e i i t i c , Lower V o l c a n i c Cycle to an e a r l y T e r t i a r y (Eocene?) 
c a l c - a l k a l i n e , Upper V o l c a n i c C y c l e . 
b) I r o n enrichment i s shown only by the Lower Volcanic Cycle, but higher 
l e v e l s of K, Rb, Ba, Sr, Cr and Ni occur i n the Upper Volcanic C y c l e . 
c ) The preponderance of p y r o c l a s t i c s and the presence of hornblende and 
b i o t i t e i n the Upper B a s i c S e r i e s , as revealed by the f i e l d occurrences 
and petrography. 
d) The low K/Rb r a t i o s of the Lower Volcanic Cycle when compared to known 
t h o l e i i t i c r o cks. 
e ) F r a c t i o n a l c r y s t a l l i s a t i o n of the Upper Vo l c a n i c Cycle at a high 
l e v e l , and-flie presence of a " s i l i c a gap" i n the u n i t . 
Compositional v a r i a t i o n can occur with time and s t r a t i g r a p h i c l e v e l 
i n i s l a n d a r c s . The e a r l i e s t rocks are t h o l e i i t i c , followed by c a l c -
a l k a l i n e rocks, erupted along with t h o l e i i t e s , and f i n a l l y , i n the l a t e s t 
s t a ges of the development of an i s l a n d a r c , s h o s h o n i t i c rocks appear. 
(Baker, 1968; G i l l , 1970; Jakes and G i l l , 1970; Jakes and White, 1972a). 
The Pontfd v o l c a n i c rocks must fo l l o w t h i s p a t t e r n . L a t e r a l v a r i a t i o n 
p e r p e n d i c u l a r to the a r c - a x i s , observed for example i n Japan (Kuno, 1966, 
1968 a,b; Sugimura,1968), can not be confirmed on the b a s i s of the present 
study. The 1:500,000 g e o l o g i c a l map of Turkey shows that the Upper Volcanic 
Cycle has an i r r e g u l a r d i s t r i b u t i o n , o c c u r r i n g both to the north and south 
of the Lower V o l c a n i c s ( G a t t i n g e r et al,1962; Goksu et a l , 1 9 7 4 ) . 
The source m a t e r i a l s f o r i s l a n d a r c rocks have been d i s c u s s e d i n 
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d e t a i l by Green and Ringwood (1967), Ringwood (1969), F i t t o n (1971b), 
Jakes and White (1972b) and W y l l i e (1973). Oceanic c r u s t formed during 
the development of the Lias-Dogger Trough i n the Tethyan Ocean, described 
i n Chapter 1, may be used as the i n i t i a l source m a t e r i a l f o r Pontid 
Volcanism. Gass (1977) has described oceanic c r u s t as composed of t h i n 
L a y e r 1 sediments followed downward by the p i l l o w l a v a s and dykes (hornblende 
bearing, Cann 1970b) of Layer 2, sheeted dyke complex, then mafic, cumulate 
gabbros of Layer 3. At the commencement of Middle to Upper Cretaceous 
subduction the uppermost p a r t of t h i s s u c c e s s i o n , p a r t i c u l a r l y the sediments, 
would be scraped of i n the trench (Dewey and B i r d , 1970). Layer 2 would 
be transformed through p r o g r e s s i v e metamorphism, to 'dry' amphibolite as 
the ocean c r u s t descended beneath the trench ( F i t t o n , 1971b). Melting of 
the s u r f a c e l a y e r of the s l a b s t a r t s when araphibolite begins to breakdown 
a t about 12 Kb ('^  40 km, F i t t o n , 1971b, F i g u r e s 1 and 2 ) . Breakdown of 
amphibole provides water f o r magma generation and r e l e a s e s a l k a l i e s . 
According to Boettcher (1973) most of the Na^O becomes incorporated i n t o 
the melt and most of the K2O r e l e a s e d through amphibole breakdown i s 
i n c o r p o r a t e d i n t o b i o t i t e . T h i s process may w e l l account for the formation 
of the Upper Cretaceous, t h o l e i i t e s of the Lower Volcanic Cycle. At t h i s 
stage, r e l e a s e of water and a l k a l i e s was n e g l i g i b l e with the NagO content of 
the d e r i v e d raagmatic l i q u i d being g r e a t e r than KgO. I r o n enrichment, due 
to low water and pO^ and r e l a t i v e l y low contents of c a t i o n s such as K, Rb 
and Ba, compared to the Upper V o l c a n i c Cycle,may a l s o be expected i n t h i s 
p r o c e s s . Cast (1968) has shown that the concentrations of K and Rb and 
the r a t i o of K/Rb i n l i q u i d s and r e s i d u e s produced by p a r t i a l melting of 
amphibolite a t the mantle temperatures and pressures are s i g n i f i c a n t l y 
d i f f e r e n t from t h e i r values i n the amphiboles. The l i q u i d s are enriched 
i n Rb r e l a t i v e to K. This f e a t u r e could e x p l a i n the r e l a t i v e enrichment 
of Rb i n the Lower V o l c a n i c s and the subsequent low K/Rb r a t i o s of these rocks. 
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F i n a l c l o s u r e of the Tethyan Ocean took place i n the e a r l y T e r t i a r y , 
the subducted s l a b s i n k i n g i n t o a higher pressure regime (a 15 kb i n c r e a s e 
i n p r e s s u r e can be created i n . 1/4 m.y. i n a p l a t e descending at a r a t e 
of 9 cm/year). At t h i s stage amphibole continued to melt but was now 
probably j o i n e d by mica owing to the higher p r e s s u r e . F i n a l breakdown 
of amphibole and decomposition of micas r e l e a s e d a d d i t i o n a l water and K 
during the generation of magmas (Boetcher 1973). This stage, presumably 
r e p r e s e n t the i n i t i a t i o n of the Upper Volcanic magma. This would produce 
a 'wet' magma preventing i r o n .enrichment i n the r e s u l t a n t rocks due to 
i n c o r p o r a t i o n of i r o n i n t o e a r l y magnetite. High water contents supress 
p l a g i o c l a s e c r y s t a l l i s a t i o n i n b a s i c magmas (Yoder and T i l l e y , 1 9 6 2 ) 
r e s u l t i n g S r enrichment u n t i l the water i s r e l e a s e d . A drop i n pressure 
as the l i q u i d s r i s e from t h e i r source region would lower the s o l u b i l i t y 
of water i n the magma and lead to water s a t u r a t i o n ( F i t t o n , 1971a). U n t i l 
water escapes through e x p l o s i v e volcanism, removal of phases by c r y s t a l 
s e t t i n g i s u n l i k e l y . The t h i c k b r e c c i a and t u f f horizons i n the Upper B a s i c 
S e r i e s , f o r example near E v l i y a Tepe ( P l a t e 3.1) are c l e a r i n d i c a t i o n s 
of t h e i r e x p l o s i v e nature. No comparable p y r o c l a s t i c s being observed i n 
the Lower B a s i c S e r i e s . E x p l o s i v e escape of water would subsequently lead 
to the formation of p l a g i o c l a s e and r e s t o r e c r y s t a l s e t t i n g of s i l i c a t e s , 
r e s u l t i n g i n the sharp drops i n the l e v e l s of c o n s t i t u e n t s such as Ca and 
Sr between b a s i c and a c i d i c r ocks. This has been termed "high l e v e l 
f r a c t i o n a t i o n " . The occurrence of hornblende and a l i t t l e b i o t i t e i n the 
Upper V o l c a n i c a n d e s i t i c rocks i s a w e l l known c h a r a c t e r i s t i c of the c a l c -
a l k a l i n e s u i t e (Jakes and White, 1972b). They probably r e f l e c t the high 
water content of the magmas s i n c e not only are they hydrous but K and 
r e l a t e d c a t i o n s are more abundant r e l a t i v e to the e a r l y melting of the 
oce a n i c c r u s t . 
Upward migration of w a t e r - r i c h vapour, derived from melting of a 
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P l a t e 3.1: B r e c c i a and t u f f horizons near E v l i y a Tepe 
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subducted oceanic c r u s t s l a b at higher p r e s s u r e s , could cause p a r t i a l 
melting of mantle p e r i d o t i t e (Hamilton,1969; McBirney,1969). The 
temperature i n mantle p e r l d d t i t e s above the subduction zone i s expected 
to be higher than w i t h i n the downgoing s l a b (Wyi:U'e,1973, Figure 5 ) . 
K u s h i r a (1973) has shown that i n the presence of upward migrating water 
the s o l i d u s of " I h e r z o l i t e " i s s i g n i f i c a n t l y lowered such that i t would 
p a r t i a l l y melt, y i e l d i n g a l i q u i d r e l a t i v e l y r i c h i n K^O. S u b s t a n t i a l l y 
higher K^O contents i n the Upper V o l c a n i c Cycle thus may f u r t h e r be 
expected through contamination from the p a r t i a l melting of mantle m a t e r i a l . 
The r e l a t i v e l y high Cr and Ni values may a l s o r e f l e c t a c o n t r i b u t i o n from 
the mantle, s i n c e t h e i r content i n l i q u i d s produced by p a r t i a l melting do 
not vary w i t h the degree of melting (Cast,1968). 
Contamination by the Pontid g r a n i t i c bas ement cannot however be ruled 
out i n the formation of e i t h e r u n i t s although i t may be of minor importance. 
The presence of s t r a i n e d quartz as xenocrysts i n the l a v a s may be an 




4.1 I n t r o d u c t i o n 
The g e n e r a l r e l a t i o n s h i p of ores to s p e c i f i c magmatic s e r i e s , 
e s p e c i a l l y to rocks of the t h o l e i i t i c and c a l c - a l k a l i n e s e r i e s from 
erogenic b e l t s , has been w e l l documented i n recent years (G u i l d 1972a,b; 
Jakobsen, 1975; M i t c h e l l and Garson, 1976). Sawkins (1972) s t a t e d that 
convergent p l a t e boundaries are areas of prime importance for sulphide 
ore body generation, where ore d e p o s i t i o n appears to be r e l a t e d to 
s u b d u c t i o n - i n i t i a t e d a c i d magmatism. I n a broad sense, ore d e p o s i t i o n 
a t convergent p l a t e boundaries can be subdivided i n t o two sub c l a s s e s . 
They are: Kuroko-type, s t r a t i f o r m , volcano g e n i c , massive sulphide 
d e p o s i t s r e l a t e d to submarine i s l a n d a r c volcanism and Andean or 
C o r d i l l e r a n porphyry-type d e p o s i t s r e l a t e d to shallow a c i d i n t r u s i o n s . 
Although the two types of ore-deposit are r e l a t i v e l y d i s t i n c t i v e , they 
can occur together i n both environments. T i t l e y (1975) reported the 
occurrence of both types of deposit i n the P h i l l i p i n e s i s l a n d - a r c , whereas 
i n Ecuador, volcanogenic, e x h a l a t i v e , strata-bound sulphide deposits have 
been reported by Goossens (1972). Vein-type base metal d e p o s i t s , however, 
may be p r e s e n t at convergent p l a t e boundaries while subduction was a c t i v e 
( S i l l i t o e , 1977). 
4.2 The Pontid Metallogenic Province 
The g l o b a l metallogenic u n i t , the Tethyan-Eurasian Metallogenic 
b e l t , d e s c r i b e d by Grant (1974) and Jankovic (1977) i s almost 10,000 km 
long. I t extends from south e a s t e r n Europe through the e a s t e r n Pontids, 
the l e s s e r Caucasus, I r a n , south e a s t Afghanistan, e v e n t u a l l y reaching 
the Himalayas. From the Himalayas the b e l t continues southeast wards 
l i n k i n g w i t h the P a c i f i c metallogenic b e l t . The metallogenic u n i t 
developed during the Mesozoic and T e r t i a r y as a r e s u l t of compressional 
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p l a t e motions between the E u r a s i a n and the Afro-Arabian-Indian p l a t e s which 
i n t u r n l e d to the development of magmatic a c t i v i t y and a s s o c i a t e d 
m i n e r a l i s a t i o n . The b e l t contains porphyry Cu-Mo dep o s i t s , s t r a t a -
bound, volcanogenic, massive sulphide d e p o s i t s , p o l j o n e t a l l i c and Cu-Au 
v e i n d e p o s i t s , e x h a l a t i v e Mn depo s i t s and skarn type m i n e r a l i s a t i o n . 
Type l o c a l i t i e s and c h a r a c t e r i s t i c s of these d e p o s i t s have been described 
by Supercanu (1971), A k i n c i (1974), Grant (1974) and Jankovic (1977). 
F i g u r e 4.1 and Table 4.1 summarise the a v a i l a b l e data on the ore-
de p o s i t s of the Black Sea Metallogenic and Volcanic Province (the E a s t e r n 
P o n t i d s ) , The f i v e types of ore-deposit,mentioned above, may be c l a s s i f i e d 
i n t o two main g e n e t i c c a t e g o r i e s , based on the age r e l a t i o n s h i p s , host 
rocks and mineral parageneses. The two c a t e g o r i e s are: 
1. Deposits a s s o c i a t e d w i t h the Upper Cretaceous, t h o l e i i t i c , 
"Lower V o l c a n i c C y c l e " . 
2. Deposits r e l a t e d to the T e r t i a r y , a c i d i n t r u s i v e s . 
A b r i e f summary of each type of deposit i s presented below, s p e c i a l 
a t t e n t i o n being given to massive sulphide deposits from the study area 
which are d e s c r i b e d f o r the f i r s t time. 
4.3 Ore d e p o s i t s a s s o c i a t e d w i t h the Upper Cretaceous, t h o l e i i t i c . 
Lower V o l c a n i c Cycle 
Three of the f i v e types of ore-deposit occur w i t h i n the upper part of 
the Lower V o l c a n i c C y c l e . They are: 
a. Massive sul p h i d e d e p o s i t s 
b. Vein-type sulphide d e p o s i t s 
c. E x h a l a t i v e manganese ores 
A l l three types are concentrated i n the d a c i t i c - r h y o l i t i c l a v a , 
t u f f and b r e c c i a formations, as opposed to the Upper Cretaceous d a c i t e 
l a v a s . The host rocks, as de s c r i b e d i n Chapter 2 are p y r o c l a s t i c 
products of submarine a c i d volcanism. 
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4.3.1 Massive sulphide deposits 
These deposits may be p o l y m e t a l l i c , containing lead and zinc 
sulphides, together w i t h varying amounts of sulphosalts and sulphates. 
Included i n these would be deposits such as Darikoy, Akkoy and H a r s i t -
Koprubasi. A l t e r n a t i v e l y the ore may comprise major amounts of p y r i t e , 
together w i t h minor associated copper, lead and zinc sulphides, exemplified 
by I s r a i l , Yale and the Lahanos mines (Fig.4.1, Table 4.1). 
The massive sulphide deposits e x h i b i t morphological and mineralogical 
zonation s t r i k i n g l y s i m i l a r t o t h a t shown by the Japanese Kuroko ores 
(Ishihara,1974). I d e a l l y an ore-body would consist of the f o l l o w i n g 
sequence: 
Top Mn-bearing t u f f s and tuffaceous sedimentary rocks 
Hematitic beds 
B a r i t e 
Strata-bound, massive ore 
Stockwork and disseminated ore 
Gypsum and/or dolomite 
Bottom Rhyol'itic lavas, t u f f s and breccias 
Based on the observations i n the study area the i d e a l , or complete, 
massive ore-body would comprise, from bottom t o top, the f o l l o w i n g sequence. 
The lowermost horizons comprise disseminated p y r i t e contained i n r h y o l i t i c 
lavas. This i s followed by dolomite and/or gypsum horizons, noted i n 
several d r i l l - c o r e s d uring the present study. Approximately 6,000 m of 
d i a m o n d - d r i l l i n g was c a r r i e d out, w i t h i n a 500 x 500 m area around the 
Harsit-Koprubasi mine, and elsewhere i n the study area. M.T.A. core logs, 
however, f a i l e d t o i n d i c a t e the presence of the gypsum and dolomite 
horizons. The upwards sequence continues w i t h development of p y r i t e - q u a r t z 
v e i n l e t s , extensive p y r i t e and c h a l c o p y r i t e stockwork, and, to a lesser 
e x t e n t , disseminated ore. The stockwork ore occasionally contains. 
s p h a l e r i t e , galena and s u l p h o s a l t s . Strata-bound, l e n t i c u l a r , massive ore 
( p l a t e s 4.1 and 4.2) o v e r l i e s the stockwork m i n e r a l i s a t i o n . I t s l a t e r a l 
extension i s u s u a l l y less than t h a t of the stockwork horizons, and i t s 
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PLATE 4.1: Massive ore/hanging w a l l - t u f f contact (Harsit-Koprubasi 
mine, borehole 68, 29ra) 
PLATE 4.2: Hanging w a l l p y r o c l a s t i c rocks containing l e n t i c u l a r massive 
ore fragments (Harsit-Koprubasi mine, borehole 68,27m) 
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thickness may vary between 0.20 and 15 metres. The ore consists mainly 
of g j h a l e r i t e , c h a l c o p y r i t e , p y r i t e , galena and various sulphosalts i n a 
quartz and b a r i t e gangue. On top of the massive ore, orpiraent and possibly 
r e a l g a r , together w i t h c o l l o f o r m and framboidal p y r i t e , s p h a l e r i t e and 
t e t r a h e d r i t e occur. Discontinuous b a r i t e lenses, i n the t u f f s , cap the 
massive ore bodies and these are o v e r l a i n i n t u r n by hematite and goethite 
bearing t u f f s , i n the form of t h i n lenses, whose dimensions are greater 
than the massive ore. The hanging w a l l f i n a l l y comprises the Mn-oxide 
or hydroxide bearing t u f f s and tuffaceous sedimentary s e r i e s . 
I t i s not common however to see the whole zonal sequence i n any given 
deposit, although the succession i s complete, except f o r the gypsum and 
i l l - d e f i n e d b a r i t e lenses, i n the Harkkoy mine. I n the Harsit-Koprubasi 
mine, however, stockwork ore of p y r i t e , s p h a l e r i t e and galena has dominance 
over p y r i t e - c h a l c o p y r i t e ore, presenting an i l l - d e f i n e d "mineralogical 
zonation." The other consituents of the massive ore, however, are i d e a l l y 
developed. 
The v a l l e y of the Yersuyu r i v e r at Ketencukuru (Fig.2.1) reveals a 
good s e c t i o n of a massive type ore body. I n t h i s l o c a l i t y the emplace-
ment and subsequent d i s p o s i t i o n of the "host rock" i s c o n t r o l l e d by NE-SW 
and NW-SE f a u l t s r e s p e c t i v e l y (Fig.2.2, section E-E'''). On the west bank 
of the r i v e r H a r s i t , a NW-SE s t r i k i n g f a u l t downthrown a few hundred metres 
t o the east exposes the host-rock d a c i t i c - r h y o l i t i c lava, t u f f and breccia 
formation against the Lower Basic Series. The host rock i s o v e r l a i n by 
the tuffaceous sedimentary u n i t and near to the contact between the two 
u n i t s a small outcrop of massive ore occurs. Further NW-SE step f a u l t i n g 
forms a graben i n the H a r s i t r i v e r v a l l e y . R h y o l i t i c lavas, found i n the 
v a l l e y bottom, contain disseminated, euhedral p y r i t e c r y s t a l s . To the 
n o r t h west, towards Ketencukuru, the lavas gradually change to breccias 
c o n t a i n i n g angular t o rounded r h y o l i t i c fragments. These are succeeded 
by t u f f s i n which occur 5-10 m t h i c k massive dolomite lenses. The t u f f s 
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are approximately 100 m t h i c k and contain stockwork p y r i t e and chalcopyrite 
g i v i n g way, towards the top, to a stockwork of p y r i t e , s p h a l e r i t e , 
c h a l c o p y r i t e and galena. At the head of the v a l l e y , at Ketencuturu, small, 
massive ore outcrops of Im thickness are followed by 0.5 - 1 m of massive 
b a r i t e ore, which are, i n t u r n , o v e r l a i n by f u r t h e r t u f f s . 
S i m i l a r zonation i s w e l l demonstrated by other deposits such as 
Lahanos (Tugal 1969) and Madenkoy/Cayeli (Cagatay, 1977). I n general, 
the massive ore bodies occur as conformable lenses i n the t u f f horizon, 
approximately at r i g h t angles t o the stockwork ore (Cagatay, o p . c i t . ) . 
The f o o t w a l l almost always displays widespread a l t e r a t i o n halos which are 
characterised by a r g i l l i z a t i o n and extensive s i l i c i f i c a t i o n . The hanging 
w a l l t u f f s and/or volcanics however, e x h i b i t only l i m i t e d a l t e r a t i o n . 
4.3.2 Vein-type sulphide deposits 
M i n e r a l i s a t i o n of vein type i s the l e a s t well-known i n the 
region. The deposits occur as networks of veins and v e i n l e t s u s u a l l y 
associated w i t h d a c i t i c - r h y o l i t i c rocks of Upper Cretaceous age. An 
extensive study by A k i n c i (1974) showed th a t at Bulancak the sulphide 
deposits occur as f i s s u r e - f i l l i n g , Pb-Zn-Cu sulphide veins of subvolcanic, 
hydrothermal type. A k i n c i considers t h a t the veins are r e l a t e d to post-
Eocene igneous a c t i v i t y and are s i m i l a r to veins associated w i t h Neogene 
volcanism i n Japan. Vein-deposits described by Kraeff (1963) i n the Hopa-
Murgul region contain e i t h e r Cu sulphides and p y r i t e or Cu and Zn sulphides 
and p y r i t e , and are associated w i t h the Upper Cretaceous a l b i t e - d a c i t e 1. 
The o v e r l y i n g u n i t of Turonian-lower Campanian H i p p u r i t i c limestone i s 
free from m i n e r a l i s a t i o n . P o l y m e t a l l i c veins at P i r a z i z are associated 
w i t h e f f u s i v e rocks and t u f f s . They belong to the p l u t o n i c or sub-
vo l c a n i c deposit type of Barnard (1970). The veins are emplaced i n 
a l t e r e d d a c i t i c p y r o c l a s t i c s . 
The mineralogy of the vein-deposits i s s i m i l a r to t h a t of the massive 
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sulphides. They are, however, l a c k i n g i n gypsum and contain lesser 
amounts of b a r i t e (Table 4.1). 
The i n f l u e n c e of major lineaments on the emplacement of ore veins 
has been demonstrated i n the studies of Pollak (1968), Gumus (1970), 
Snelgrove (1971) and p a r t i c u l a r l y A k i n c i (1974). A k i n c i supported a 
s i n g l e , extended p s r i q f l o f m i n e r a l i s a t i o n f o r the sulphide deposits i n 
the Tekmezar and Darikoy (Bulancak) areas. He showed, convincingly, 
t h a t the ore bearing f l u i d s rose along NW-SE trending f a u l t s . 
Consideration of Table 4.1 together w i t h b r i e f examples, o u t l i n e d 
above, i n d i c a t e s t h a t the vein-type sulphide deposits are concentrated 
i n the Upper Cretaceous d a c i t i c - r h y o l i t i c rocks. The rocks t h a t o v e r l i e 
the deposits are fre e from m i n e r a l i s a t i o n . A predominant s t r u c t u r a l 
f e a t u r e of the Upper Volcanic Cycle i s p e r f e c t v e r t i c a l , or s u b v e r t i c a l , 
columnar j o i n t i n g . These j o i n t s would provide i d e a l channelways f o r 
the r i s i n g ore f l u i d s and so absence of m i n e r a l i s a t i o n suggests t h a t 
generation of ore-forming f l u i d s was p r i o r t o the formation of the Upper 
Volcanic Series. Oner and Iwao (1974) have furthermore pointed out t h a t 
"... the i n t r u s i o n s of g r a n i t i c rocks ( T e r t i a r y , Eocene) seem to have 
brought no f r u i t f u l mineraH'ation." This suggests, i n t u r n , t h a t volcanic 
processes have i n i t i a t e d the massive and vein-type m i n e r a l i s a t i o n of the 
region. 
The v e i n and stockwork type deposits described by Sawa and A l t u n 
(1977), and placed by them i n a d i f f e r e n t genetic class from the massive 
ores, occur i n r h y o l i t i c domes, have p y r i t e - c h a l c o p y r i t e associations and 
resemble the stockwork p a r t of the massive sulphide deposits. This 
category may be i n t e r p r e t e d as feeders to massive ore rather than a 
d i f f e r e n t genetic class of vein-type deposits. R e - i n t e r p r e t a t i o n of 
these "veins" may lead to l o c a t i o n of massive deposits. This i s 
e x e m p l i f i e d i n the v i c i n i t y of Ketencukuru, i n the study area, which had 
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p r e v i o u s l y been described as p y r i t e - c h a l c o p y r i t e vein occurrences by K i e f t 
(1956). 
4.3.3 Exhalative manganese m i n e r a l i s a t i o n 
Manganese deposits i n the study area occur i n the upper p a r t 
of the Lower Volcanic Cycle i n the d a c i t i c - r h y o l i t i c lava, t u f f and 
breccia . A s i m i l a r s t r a t i g r a p h i c l e v e l i s shown by the deposits of the 
abandoned Pero n i t mine (74, Table 4.1) whose annual output was 2000 tons, 
w i t h an average of 48% Mn (Kra e f f 1963). Although Mn deposits are 
numerous i n the region (Fig.4.1 and Table 4.1) they are us u a l l y uneconomic 
w i t h reserves of 1000 tons or less (Cagatay, 1977). 
Manganese ores may occur massive, associated w i t h f i n e opal or 
chalcedony and r a d i o l a r i a n c h e r t s , as observed i n the Guce area, or they 
may be nodular and b o t r y o i d a l associated w i t h opal, chalcedony and minor 
hematite, as found i n the v i c i n i t y of Kale Tepe (Fig.2.1). Their main 
c h a r a c t e r i s t i c i s t h e i r i n t i m a t e association w i t h volcanic m a t e r i a l , 
cherts and cherty sediments, the l a t t e r owing t h e i r formation to submarine 
volcanism, as proposed by Shatskiy (1966). They are c l o s e l y s i m i l a r to 
Mn deposits from Japan and Indonesia which have been c l a s s i f i e d as 
exhatetive-sedimentary,the manganese being c o n t r i b u t e d by volcanic hot 
springs, discharging d i r e c t l y onto the sea f l o o r (Stanton, 1972). 
4.4 Ore deposits r e l a t e d to T e r t i a r y acid i n t r u s i v e s 
Two ore-deposit types comprise t h i s category, t h e i r d i s t r i b u t i o n 
being shown i n Fi g . 4.1 and Table 4.1. They are; 
a) Porphyry Copper - Molybdenum deposits 
b) Skarn-type ore deposits 
4.4.1 Porphyry copper-molybdenum deposits 
E x p l o r a t i o n f o r t h i s type of m i n e r a l i s a t i o n has r e c e n t l y been 
s t a r t e d i n the region f o l l o w i n g discoveries i n adjacent areas such as the 
Sredno-Gora province of Bulgaria (Bog^d anova and Bogdanov, 1974), C h a l k i d i k i 
i n Northern Greece and Sar Chesmah i n I r a n (Snelgrove, 1971). Taylor (1977) 
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showed t h a t the Bakircay and Ulutas porphyry copper prospects of the 
eastern Pontids, are r e l a t e d to Eocene t o n a l i t i c and quartz-monzonitic 
i n t r u s i o n s , emplaced i n coeval volcano-sedimentary p i l e s . He concluded 
t h a t the Bakircay deposit represents the deeper parts of an u p r i g h t 
column of porphyry m i n e r a l i s a t i o n , while Ulutas i s more t y p i c a l of the 
upper p a r t s of such a column, thus e x p l a i n i n g the d i f f e r e n c e i n t h e i r 
p e t r ology, s t r u c t u r e and the a l t e r a t i o n patterns. Research i n progress 
on the Emeksan-Esenlidere molybdenum deposits shows them to be i n t i m a t e l y 
associated w i t h quartz-monzonite and m i c r o g r a n i t i c stocks of T e r t i a r y age, 
emplaced along NE-SW lineaments. M i n e r a l i s a t i o n i s accompanied by w e l l 
defined a l t e r a t i o n halos i n which the inner p a r t i s represented by K-feldspar 
followed outwards by s e r i c i t i c and p r o p y l i t i c a l t e r a t i o n (Dogan R. ,pers.comm). 
4.4.2 Skarn-type ore deposits 
These deposits occur at the contact between t h e . T e r t i a r y granites 
and older volcano-sedimentary formations. Vujanovic (1974) has demonstrated 
two phases o f m i n e r a l i s a t i o n . The f i r s t phase involves the formation of 
magnetite, s p e c u l a r i t e and hematite i n a contact aureole. They are 
c l o s e l y associated w i t h the metamorphic and metasomatic development of 
the a c t i n o l i t e , w o l l a s t o n i t e , garnet and epidote. The second phase i s 
characterised by the sulphide minerals p y r i t e and c h a l c o p y r i t e together 
w i t h r a r e galena and s p h a l e r i t e . Tugal (1969) has pointed out t h a t skarn-
type m i n e r a l i s a t i o n and/or emplacement of the i n t r u s i v e s i s accompanied 
by c h l o r i t i s a t i o n and c a l c i f i c a t i o n of the host rock. 
Deposits of skarn-type are generally small and uneconomic, they are 
thus probably the l e a s t a t t r a c t i v e prospects i n the region. 
4.5 S t r a t i g r a p h i c c o n t r o l of massive sulphide deposits 
Massive sulphide deposits i n the region occur i n the upper p a r t of 
the t h o l e i i t i c Lower Volcanic cycle, i n the d a c i t i c - r h y o l i t i c lava, t u f f 
and breccia formation. These mineralised p y r o c l a s t i c rocks are u s u a l l y 
o v e r l a i n by the tuffaceous sedimentary u n i t which marks a d i v i s i o n between 
the two major episodes of volcanism i n the eastern Pontids. I t i s not 
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uncommon, however, f o r the Upper Basic Series to cap the m i n e r a l i s a t i o n 
where the sedimentary u n i t i s missing. This association has been 
described by Cagatay (1977) at the Madenkoy/Cayeli deposit. 
The "host-rock" d a c i t i c - r h y o l i t i c lava, t u f f and breccia formations 
unconforraably o v e r l y the d a c i t e lavas of the Lower Volcanic Cycle as seen 
f o r example, at the Harkkoy mine. The host rock shows close s p a t i a l 
a s s o c i a t i o n w i t h the dominant f r a c t u r e system of the area (Fig.2.1) 
whereas the dacites are tr u e lava flows w i t h a more widespread d i s t r i b u t i o n . 
The fundamental d i f f e r e n c e between the two u n i t s l i e s i n the high 
p r o p o r t i o n of p y r o c l a s t i c rocks and explosive volcanism i n the host-rock 
when compared w i t h the d a c i t e s . I n a d d i t i o n there i s a pronounced 
p e t r o l o g i c a l d i f f e r e n c e between the two u n i t s . The d i f f e r e n t i a t i o n index, 
represented by the sum of normative Q, Or, Ab, Lc, Ne, Kp (Thorton and 
T u t l e , 1960), has been ca l c u l a t e d f o r both u n i t s using the l e a s t a l t e r e d 
samples. Table 4.2 and Fig.4.2 i l l u s t r a t e the general tendency f o r lower 
values i n the dacites than i n the host rock, i n very good agreement w i t h 
the r e s u l t s obtained from Japanese acid volcanic rocks by Tatsumi and 
Clark (1972). The data implies t h a t the d a c i t i c - r h y o l i t i c lava, t u f f 
and breccia host-rock formation i s more d i f f e r e n t i a t e d than the older 
unmineralised d a c i t e , i f they are derived from a common parent. 
D e t a i l e d studies of the Harsit-Koprubasi and Harkkoy mine areas 
(Chapter 5) reveal t h a t dome-shaped r h y o l i t e s are clo s e l y r e l a t e d to the 
occurrence of the ore deposits, while vol'canics both underlying and 
o v e r l y i n g the h o s t - u n i t are unmineralised. Sawa and Alt u n (1977) have 
reported t h a t ore pebbles occur i n the Upper Cretaceous-early T e r t i a r y 
sedimentary rocks which u n d e r l i e the Upper Basic Series, while d e t r i t a l 
b a r i t e can be seen i n mudstones o v e r l y i n g ore and massive b a r i t e at the 
Yaylabasi mine (D.M.Hirst, pers.comm). I n the Har s i t r i v e r area lenses 
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r a d i o l a r i a n cherts o v e r l y i n g massive ore at the Harsit-Koprubasi mine. 
C l e a r l y ore-deposition pre-dated sedimentation i n a l l these areas. 
The complete absence of hydrothermal a l t e r a t i o n i n the Upper Cretaceous 
limestones at the I s r a i l mine ( K i e f t , 1956) i s f u r t h e r proof t h a t 
m i n e r a l i s a t i o n was confined to the period occupied by formation of the 
d a c i t e - r h y o l i t i c lava, t u f f and breccia. 
4.6 Tectonic c o n t r o l of sulphide ore deposits 
Kronberg (1970) considers t h a t the t e c t o n i c movements which produced 
the block f a u l t i n g i n the eastern Pontids probably began during the Lias, 
but continued throughout the Alpine orogency (Cagatay, 1977). According 
to Schultze-Westrum (1961) there are s t i l l movements of the order of 
centimetres per year i n the T i r e b o l u area, presumably r e f l e c t i n g recent 
r e a c t i v a t i o n of these f a u l t s . 
The dominant f a u l t p a t t e r n i n the eastern Black Sea region i s NE-SW 
and NW-SE (Schultze-Westrum, 1961), although Kronberg (1970) noticed a 
weak development of N-S o r i e n t a t e d f a u l t s . Faults w i t h t h i s s t r i k e are 
w e l l developed to the south of Kovancik Mah.(Fig.2.1) and indeed the rose 
diagram shown i n Fig.4,3strongly suggests t h a t N-S, together w i t h NW-SE 
and NE-SW, are the major f a u l t d i r e c t i o n s i n the northern H a r s i t r i v e r 
area. The northern p a r t of the H a r s i t r i v e r forms a deep v a l l e y running 
approximately N-S and i s one of the major lineaments v i s i b l e i n a e r i a l 
photographs of the region. Fault c o n t r o l of t h i s v a l l e y can be 
demonstrated approximately 1-2 km south of Aslancik and north of 
Kuskaya ( F i g . 2 . 1 ) , while the ore horizons i n the Harsit-Koprubasi mine 
are sharply cut o f f at the E and NE bank of the r i v e r . L i t h o l o g i c a l 
d i f f e r e n c e s across the r i v e r t o the n o r t h of Kuskaya near Koprubasi 
(F i g . 2 . 1 ) , and between the Harsit-Koprubasi mine and Kaan Tepe (Figs.5.1 
and 5.2) f u r t h e r support the i n f l u e n c e of f a u l t s i n determining the 































































NW-SE f a u l t s i n t h e i r r e l a t i o n s h i p t o the emplacement of the volcanics, 
the data obtained from the Harsit-Koprubasi mine i n d i c a t e s t h a t a 
volcanic centre which produced p y r o c l a s t i c s and m i n e r a l i s a t i o n l i e s 
close t o the west bank of the H a r s i t r i v e r (see Chapter 5.1). The 
occurrence of t h i s , the bviggest mine i n the study area (Harsit-Koprubasi), 
and of Mn deposits near Aslancik, suggest t h a t N-S f a u l t s are worthy of 
a t t e n t i o n i n the search f o r ore deposits i n the region. 
I t i s now commonly accepted t h a t i n the eastern Pontids, f a u l t s 
f a c i l i t a t e d magmatic a c t i v i t y ( c f Tugal, 1969; Oner and Iwao, 1974; 
Popovic, 1975; Cagatay, 1977) and the l o c a l i s a t i o n of ore-forming 
s o l u t i o n s ( P o l l a k , 1968; Gumus 1970; Snelgrove 1971; A k i n c i , 1974). 
The s p a t i a l a s s o c i a t i o n of igneous rocks w i t h NE-SW and p a r t i c u l a r l y NW-
SE tr e n d i n g f a u l t s i s w e l l demonstrated i n the northern H a r s i t r i v e r area 
by the d i s t r i b u t i o n of quartz-feldspar porphyries i n the south and 
southwest, and of d o l e r i t e sheets and p a r t i c u l a r l y the rhyodacites of 
the Upper Volcanic cycle i n the n o r t h (Fig.2.1). Although d i r e c t c o n t r o l 
of m i n e r a l i s a t i o n by f a u l t i n g , i n the sense demonstrated by Aki n c i at 
Bulancak, i s l a c k i n g , the d a c i t i c - r h y o l i t i c lavas, t u f f s and breccias of 
the host rock show close s p a t i a l d i s t r i b u t i o n w i t h t h i s conjugate f a u l t 
p a t t e r n . This i s w e l l demonstrated i n the Ketencukuru region, near Yale 
Tepe, t o the west and south of Caldagi, near Kovancik and indeed i n the 
v i c i n i t y of Koprubasi and Harkkoy (Fig.2.2). I t i s perhaps relevant t h a t 
the host-rock horizon does not occur i n the r e l a t i v e l y unfaulted area 
i n the east and northeast of the study area (Fig.2.1). Here the 
sedimentary series, and/or the Upper Basic Series d i r e c t l y o v e r l i e the 
barren d a c i t e s of the Lower Volcanic Cycle, L o c a l i s a t i o n of the host-
rocks may thus be achieved by considering the conjugate NE-SW and NW-SE 
f a u l t p a t t e r n s which have been derived from the compressional Alpine 
movements. The r e l a t i v e l y weak development of N-S s t r i k i n g f a u l t s 
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supported by the N-S d i s p o s i t i o n of the major r i v e r v a l l e y s could r e f l e c t 
a t r a n s c u r r e n t f a u l t system, developed during the formation of the Li a s -
Dogger trough. I f they represent r e a c t i v a t i o n along such f r a c t u r e s the 
f a u l t s are probably deep-seated. They may thus f a c i l i t a t e both 
i n t r u s i o n and provide pathways f o r u p r i s i n g magma to form e x t r u s i v e 
lavas. I n t e r s e c t i o n of the major lineaments could thus produce channelways, 
both f o r magmatic a c t i v i t y and f o r i n t r o d u c t i o n of ore-forming f l u i d s . 
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CHAPTER FIVE 
DESCRIPTION OF INDIVIDUAL DEPOSITS 
5.1 The Harsit-Koprubasi Mine 
5.1.1 I n t r o d u c t i o n 
The mine i s s i t u a t e d 2.5 km east of Tirebolu i n Koprubasi township. 
This i s the only deposit i n the study area on which d r i l l i n g has been 
completed and f o r which present mine reserves and ore grades are accurately 
known. Ore reserves i n the deposit are estimated to be 9,800,000 tons 
grading at 2.56% Zn, 1.77% Pb and 0.33% Cu (MTA News, 1977). The deposit 
i s also estimated t o include 416 tons of Ag and 690 tons of Cd (Acar,1974). 
A 1:2000 scale g e o l o g i c a l map of the area surrounding the H a r s i t -
Koprubasi mine has been made. This i s shown i n Figure 5.1. Although 
the general c h a r a c t e r i s t i c s of the geo l o g i c a l formations i n the northern 
H a r s i t r i v e r area were described i n Chapters 2 and 3, the f o l l o w i n g u n i t s 
from t h i s sequence, o c c u r r i n g w i t h i n the area covered by Figure 5.1, are 
discussed b r i e f l y i n r e l a t i o n to the m i n e r a l i s a t i o n . 
5. Terrace - al l u v i u m 
Upper (4. Dacite - rhyodacite 
Volcanics(3. D o l e r i t e sheets 
Lower (2. Tuffaceous sedimentary series 
Vcicanics(l. D a c i t e - r h y o l i t i c lava, t u f f and breccia 
5.1.2 D a c i t i c - r h y o l i t i c lava, t u f f and breccia 
P y r o c l a s t i c s and lavas of r h y o l i t i c composition c o n s t i t u t e t h i s 
e x t e n s i v e l y a l t e r e d u n i t . There i s general agreement on the d e f i n i t i o n 
of the host rock f o r Vujanovic (1972) has termed i t " r h y o d a c i t i c volcanic 
breccia" whereas Acar (1976) has used the term " d a c i t i c p y r o c l a s t i c s " . 
A v a i l a b l e diamond d r i l l cores were c a r e f u l l y examined both p e t r o g r a p h i c a l l y 
and chemically i n order to give more precise i n f o r m a t i o n on the nature of 
the host rock than the broad term " t u f f and breccia", used previously i n 
core-logging by M.T.A. The sections shown i n Figures 5.4 and 5.5 are 
based on data derived from the borehole cores, whose loc a t i o n s are shown 

















































































































































x ^ ^ x i 
X X 
X X 
x^x x x x x x x x x ) -120-x ^ x x x x x x i x x x x x x x x x x x x x 
X X X X X 
'X X -160 
"7n Fault.dashed where inferred 
? I Borehole 
;\ I Terrace,olluvium 
Tuftaceous sedimentary series 
I I I III Radiolarian cherts 
looo'j Barite 
Massive ore 
X X b( X X 
O 40 80m. 
(1:2000) 
Gypsum 
| " H Dolomite 
Rhyolitic 
Z| Explosion breccia 
L l J Dacite-rhyodacite Stocl^work and disseminated ore | " " | Rhyolitic lava 












O 40 eom. (1:2000) 
FIGURE 5.5: Geological cross-sections across the Harsit-Koprubasi boreholes 
(Symbols as i n Figure 5.4) 
-102-
Lavas gen e r a l l y occur towards the base of the sequence, they are 
of f i n e g r a i n - s i z e and contain s e r i c i t i z e d plagioclase, orthoclase and 
b i o t i t e l a t h s , together w i t h quartz, aligned i n a fine-grained matrix. 
Due t o the s i l i c i f i c a t i o n , a mosaic .texture i s usu a l l y superimposed on 
the o r i g i n a l t e x t u r e of the r h y o l i t e s . The borehole sections demonstrate 
t h a t more than one r h y o l i t e horizon may occur i n the v e r t i c a l s e c tion. 
Although some c o r r e l a t i o n between them has been established, l i m i t e d data 
and s h o r t d r i l l holes has reduced the extent of l a t e r a l c o r r e l a t i o n . 
However,some ; r h y o l i t e , which apparently occurs w i t h i n the explosion breccias 
(Figure 5.4., sec t i o n 4.4., borehole 6 ) , may w e l l be large fragments 
broken o f f during the volcanic e r u p t i o n . 
The r h y o l i t e s are succeeded u s u a l l y by breccias, termed "explosion 
breccias". They contain angular t o rounded lava fragments, ranging i n 
size from a few ram t o a few cm i n diameter, contained i n a fine - g r a i n e d , 
tuffaceous m a t r i x . The thickness of the breccia formation v a r i e s , but 
i s u s u a l l y approximately 40 m. Breccias reach an unusual thickness of 
around 100 m i n borehole I - l , they grade upwards i n t o more tuffaceous 
m a t e r i a l which also reaches some 100 m i n thickness. Over 200 m of 
d r i l l i n g has f a i l e d to confirm the presence of r h y o l i t e underlying the 
u n i t a t t h i s p o i n t (Figures 5.4 and 5.5). The v a r i a t i o n i n thickness 
and l a t e r a l extent of the breccia horizons i s remarkable. The t h i c k 
breccia formations seen i n boreholds I - l and 47 t h i n towards boreholes 
49 and 44, while t h i c k breccias shown by boreholes 20 and 34 also t h i n 
outwards, f o r example, towards borehole 31 (Figure 5.3). The r h y o l i t e s 
are not always o v e r l a i n by explosion breccias, as seen f o r example i n 
cores 41 and 2 (Figure 5.4). This presumably r e f l e c t s a l i m i t e d develop-
ment of volcanic centres, i f the explosion breccias are considered to be 
the f i r s t m a t e r i a l erupted from such a centre. Tuff and t u f f - b r e c c i a s 
occupy the upper parts of the succession, the l a t t e r being a gradation 
between the t u f f s and the explosion breccias. 
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5.1.3. The tuffaceous sedimentary series 
This u n i t consists of marls, some limestone and sandstone, mudstone 
and r a d i o l a r i a n cherts w i t h or without an admixture of varying amounts of 
vol c a n i c ash. Towards the top of the p y r o c l a s t i c u n i t , the sequence of 
discontinuous, l e n t i c u l a r , r a d i o l a r i a n cherts (Figures 5.4 and 5,5) w i t h 
the same bedding planes as the t u f f s suggests t h a t sedimentation was 
contemporaneous w i t h the waning stage of volcanism. 
The thickness of the u n i t varies between 1 m and 50 m. The v a r i a t i o n 
occurs w i t h i n short l a t e r a l distances and may be explained i n terms of 
l i m i t e d basin development r e s u l t i n g from the u p r i s i n g r h y o l i t e s . 
S t r a t i g r a p h i c a l l y , r a d i o l a r i a n cherts and mudstones occupy the lowest 
p a r t of the u n i t . The f o l l o w i n g species, found i n the u n i t support an 





5.1.4 D o l e r i t e 
D o l e r i t e o v e r l i e s the host rock and the tuffaceous sedimentary series 
i n the form of a sheet whose thickness i s approximately 30-40 m. The 
exposures are u s u a l l y very poor and covered w i t h t h i c k vegetation. 
Contact r e l a t i o n s t o the tuffaceous sedimentary series support post Upper 
Cretaceous emplacement. No upper age l i m i t can be deduced although 
Acar (1976) has ascribed a Palaeocene-Eocene age to these rocks. 
5.1.5 Dacite-rhyodacite 
This u s u a l l y f r e s h , w e l l j o i n t e d u n i t i s the f i n a l volcanic product, 
i t always forms the topographic heights i n the mine v i c i n i t y . Kaan Tepe, 
n o r t h east of the mine a d i t , i s formed from t h i s u n i t , as seen i n Figure 
5.1, whereas to the west at the same topographical l e v e l i s the host rock 
(Figure 5.2). This suggests t h a t the H a r s i t r i v e r , to the southwest and 
west of Kaan Tepe, i s f a u l t c o n t r o l l e d . 
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5.1.6 M i n e r a l i s a t i o n 
The Harsit-Koprubasi deposit i s a p o l y m e t a l l i c ore body c o n s i s t i n g 
of massive ore u s u a l l y u n d e r l a i n by stockwork and disseminated ore. This 
two-fold s u b d i v i s i o n has been described previously by Vujanovic (1974) who 
used the terms high grade and low grade, and by Acar (1974) who described 
the two types as rich-massive and poor-stockwork. Figures 5.4 and 5.5 
show t h a t three l e v e l s of massive ore, e x c l u s i v e l y associated w i t h t u f f s , 
occur i n the area. The stockwork and disseminated ore, however, may be 
present not only i n the t u f f s but also i n the breccias and/or r h y o l i t e s . 
Gypsum and/or dolomite, when present, are confined t o the lowermost 
horizons o f the stockwork p a r t o f the ore body. L a t e r a l c o r r e l a t i o n 
between each of the three l e v e l s of massive ore i s mainly based on the 
d i s t r i b u t i o n of b a r i t e and of the tuffaceous sedimentary s e r i e s . The 
b a r i t e u s u a l l y o v e r l i e s the ore horizon, whereas the sedimentary series i s 
always found at the top of a t h i c k p y r o c l a s t i c u n i t above the uppermost 
massive ore and b a r i t e horizons. 
The thickness and l a t e r a l extent of each of the three massive ore 
l e v e l s are shown i n Figure 5.6, they are r e f e r r e d t o as ore bodies A, 
B and C from the top downwards. From Figure 5.6 i t i s evident t h a t the 
maximum thickness o f each massive ore lens occurs approximately 100 m 
northwest of the a d i t . A second, less w e l l defined maximum i s present 
t o the southwest of the a d i t . The l a t e r a l d i s t r i b u t i o n of ore-body 
A shows some elongation i n a N-S d i r e c t i o n whereas ore-bodies B and C 
have a tendency to NW-SE alignment thus f o l l o w i n g the dominant f a u l t 
s t r i k e d i r e c t i o n i n the area, p r e v i o u s l y shown i n Figure 4.3. 
The thickness of the massive ore reaches 15 m i n ore body A. The 
deposit t h i n s outwards forming a lens shaped ore-body. At t h i s l e v e l 
ore reappears t o the southwest where i t reaches a maximum recorded 
thickness o f 6 m. From the borehole data a v a i l a b l e i t i s not clear 
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occupying the same s t r a t i g r a p h i c l e v e l . The thickness of stockwork ore 
associated w i t h each massive ore l e v e l does not u s u a l l y exceed 20-30 m. 
Thick stockwork ore are occasionally seen, f o r example, i n boreholes 41, 
3 and 68, where they underly massive ore of l e v e l A, and i n boreholes 11 
and 13 where they underly l e v e l s B and C r e s p e c t i v e l y . They may represent 
feeders t o t h e i r respective o v e r l y i n g massive ore bodies (Figures 5.4 and 
5.5). 
The presence of three massive ore-zopes w i t h i n the same p y r o c l a s t i c 
sequence i s not an unusual feature f o r massive sulphide deposits. I n 
Noranda province, Canada, S i n c l a i r (1971) has demonstrated t h a t the Horne 
mine i s s t r a t i g r a p h i c a l l y succeeded by the No.5 zone, both having formed 
independently w i t h i n the same, volcanic, marine environment as a r e s u l t of 
fumarolic and s o l f a t a r i c a c t i v i t y . I n the Kuroko deposits of Japan, 
Hirabayashi (1974) has i d e n t i f i e d "shallower and deeper l e v e l " orebodies 
and has concluded t h a t " a t l e a s t three cyles of m i n e r a l i s a t i o n " have 
occurred. 
The i n f o r m a t i o n a v a i l a b l e from cores i n the Harsit-Koprubasi mine area 
suggests t h a t the presence of three ore-bodies may be explained e i t h e r by 
the occurrence of at l e a s t two independent r h y o l i t e s (Figures 5,4 and 5,5), 
or by m i g r a t i o n of volcanic centres and t h e i r subsequent vulcanism. The 
r e s u l t of both mechanisms would be the same: production of pyro'clastic 
m a t e r i a l and ore f l u i d s . 
Zonation i n the mine i s morphological r a t h e r than mineralogical w i t h 
massive ore u n d e r l a i n by stockwork ore which i s followed downward by 
disseminated ore. M i n e r a l o g i c a l zonation, as described i n chapter 4.3,1, 
i s i l l - d e f i n e d except f o r the obvious mineralogical differences between the 
massive and stockwork ores. Within the stockwork zone, however, some 
v a r i a t i o n may be seen i n the lowermost horizons. I n boreholes 20-180 m, 
11-80 m (Figure 5.7b) and 44-150 m the veins contain quartz, p y r i t e and 
c h a l c o p y r i t e w h i l e i n boreholes 24-76 m and 47-110 m p y r i t e veins and 
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disseminations occur and i n borehole H3-112 m and 138 m the veins contain 
quartz only. 
5.1.7 Geochemistry 
I n common w i t h most world-wide massive sulphide deposits, mineralised 
outcrops, or surface exposures of the massive ore, are v i r t u a l l y absent i n 
the area. Establishment of the p a t t e r n of v a r i a t i o n or enrichment of 
elements i n various p a r t s o f the p y r o c l a s t i c p i l e would thus f a c i l i t a t e 
e x p l o r a t i o n and provide i n f o r m a t i o n regarding the s t r a t i g r a p h i c and 
s t r u c t u r a l features of the ore body. The l a t t e r become p a r t i c u l a r l y 
important i n steeply d i p p i n g massive ore, such as the lenticular-shaped 
massive deposits of the Madenkoy/Cayeli deposit which dips at about 50° 
NNW (Cagatay 1977). 
Borehole core samples were analysed f o r S i , A l , Fe, Mg, Ca, Na, K, 
T i , Mn, P and Ba, Nb, Zr, Y, Sr, Rb, Zn, Sb, Cd, Ag, Mo, Cu, As, Pb 
and S by X-ray fluoresfence Spectrometry. The r e s u l t s and a n a l y t i c a l 
techniques are given i n Appendix 1. 
The r e s u l t s of these analyses are p l o t t e d i n Figures 5.7 a-e. 
The p l o t s show th a t the d i s t r i b u t i o n of the elements i s l a r g e l y c o n t r o l l e d 
by the type and r e l a t i v e amounts of ore and gangue minerals. The massive 
ore i s enriched i n S, Zn, Cd, Pb, Ag, Sb and Mo whereas Fe and Cu show a 
r e l a t i v e enrichment i n the stockwork ore. Comparison of the successive 
massive ores i n d i c a t e s t h a t the lower ore, l e v e l C, i s r e l a t i v e l y enriched 
i n Fe and Cu and depleted i n Sb, Mo and As (Figures 5.7a,b,d and e ) . 
As i s u s u a l l y enriched i n . the t u f f s and tuffaceous sedimentary series 
o v e r l y i n g the ore-bodies, as shown by Figures 5.7a, c and e. I t i s 
u s u a l l y accompanied by Ba, Fe and Mn (Figures 5.7a, c and e) or by Fe 
(Figures 5.7b). 
The CO- variance.r between the elements i s u s u a l l y w e l l pronounced. 
The s i m i l a r i t y between the Zn and Cd d i s t r i b u t i o n s i l l u s t r a t e s the 
s u b s t i t u t i o n of Zn by Cd as shown i n f i g u r e s 5.7.a to e. A co-variance 
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between Ag and Pb (Figures 5,7 a, d and e) and Ag and Sb (Figures 5,7 b 
and e) may suggest t h a t Ag i s incorporated i n t o the galena and t e t r a h e d r i t e 
s t r u c t u r e s , r e s p e c t i v e l y . 
Results obtained from the Harsit-Koprubasi mine, as w e l l as from.the 
Harkkoy deposit described below, s t r o n g l y resemble data obtained from the 
volcanogenic massive sulphide deposits of Madenkoy/Cayeli by Cagatay (1977) 
and from the Kuroko deposits of Japan by Tono (1974), The use of elements 
such as Ba, Mn, and Fe as geochemical i n d i c a t o r s i s considered i n Chapter 8, 
The d i s t r i b u t i o n of Nb and Zr i n the volcanic rocks c l o s e l y associated 
w i t h the ore-bodies. Figure 5,8, shows a 2 t o 4 f o l d enrichment i n explosion 
breccias when compared t o the r h y o l i t e lavas or the succeeding t u f f s . 
These elements are not s e n s i t i v e to a l t e r a t i o n and metamorphism (Cann,1970; 
Pearce and Cann, 1973; Floyd and Winchester, 1975, 1978 and Winchester and 
Floyd, 1977) nor are t h e i r contents l i a b l e to m o d i f i c a t i o n during 
d e v i t r i f i c a t i o n (Smith and Bailey, 1966), 
The c h i l l i n g a f f e c t of cold water on s i l i c a t e melts i s known to cause 
ra p i d and intense s h a t t e r i n g (McBirney, 1963), The explosion breccias 
are thought t o be derived from hot ascending magmatic l i q u i d s (e,g, 
r h y o l i t i c melts) which come i n contact w i t h evolved sea-water. The poor 
grading and s o r t i n g o f the breccias suggests t h a t they were not thrown 
high above the s e a - f l o o r , but may have been derived from shallow-emplaced 
r h y o l i t e s under the s e a - f l o o r . 
The explosive a c t i v i t y may also be r e l a t e d to the sudden release of 
gas which occurs when gas-charged magma moves i n t o a h i g h l y f r a c t u r e d zone 
(Wright and Bowes, 1968). The host rock horizon and ov e r l y i n g t u f f s are 
c l o s e l y associated w i t h the dominant f a u l t p a t t e r n and are themselves 
e x t e n s i v e l y f a u l t e d (Figures 2.1, 5.1 and 5.9), The gas-charged magma 
may w e l l be derived from a s u i t e which has evolved by a crystal-^rliquid 
f r a c t i o n a t i o n process; f o r example the f r a c t i o n a l c r y s t a l l i s a t i o n of the 
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incorporated i n t o minerals such as o l i v i n e , pyroxene or feldspar and 
thus encrichment of these elements i n magmas does not take place i n the 
e a r l y stages of fractionatlijon ( c f .Goldschmidt,1954). 
According to R.Macdonald of Lancaster U n i v e r s i t y (pers.comm.) the 
d i s t r i b u t i o n of these geochemical tracers between the explosion breccias 
and the t u f f s may suggest a zoned magma chamber. The former could 
r e s u l t from a magma column enriched upward i n Nb and Zr by d i f f u s i o n a l 
processes. This was erupted and the chamber f i l l e d w i t h a less evolved 
magma which produced the t u f f s . 
Although very l i t t l e i n f o r m a t i o n i s a v a i l a b l e i n the l i t e r a t u r e 
r e l a t i n g t o such a d i f f u s i o n a l model the high contents of Nb and Zr i n 
the explosion breccias could be used to trace volcanic centres. Due to 
the close time and space associ a t i o n of such centres w i t h the m i n e r a l i s a t i o n , 
these geochemical t r a c e r s may f u r t h e r determine the proximity of ore-
bodies. 
5.2 The Harkkoy Mine 
5.2.1 I n t r o d u c t i o n 
The Harkkoy deposit i s s i t u a t e d approximately 8 km SSE of Koprubasi 
township. The f i r s t mining a c t i v i t y i n the area i s believed t o be 
d r i l l i n g by a B r i t i s h company before the f i r s t world war (Ki e f t , 1 9 5 5 ) . 
More r e c e n t l y , g e o l o g i c a l work i n the mine v i c i m i t y was i n i t i a t e d by 
M.T.A. i n the 1950's, as a p a r t of the regional study of the Tirebolu 
r e g i o n . A b r i e f summary given by K i e f t (1955) describes the f o l l o w i n g 
g e o l o g i c a l u n i t s : 
d. Upper Cretaceous t u f f , limestone and marl 
c. S i l i c i f i e d and k a o l i n i s e d masses found i n the v i c i n i t y 
of ore bodies 
b. Dacite 
a. Basalt 
Because of l i m i t e d surface exposure K i e f t (1955) was unable to 
lo c a t e the host rock. He speculated t h a t the ore may occur between the 
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dacites and the o v e r l y i n g t u f f - l i m e s t o n e horizons. Lob (1960) described 
the ore-body as being of "hydrothermal-subvulkanischen" type, and presented 
the f o l l o w i n g grades as t y p i c a l of the massive ore: 
Pb = 5,00% (wt) 
Cu = 1.87% " 
Zn = 13.75% " 
Fe = 10.26% " 
S = 19.52% " 
More d e t a i l e d s t u d i e s , s t a r t e d by M.T.A. a f t e r 1974, suggest a t o t a l 
reserve of 3,000,000 tons of p y r i t e ore (M.T.A, News, 1978). 
5.2.2 Geology 
The g e o l o g i c a l map and cross-section of the area, shown i n Figures 
5.9 and 5.10, are based on the 1:10.000 topographical map. Three borehole 
cores have been examined and chemically analysed (Figure 5.11 a,b and c ) , 
but i n f o r m a t i o n from other cores has been supplied ( A k i n c i , pers.comm.) 
The f o l l o w i n g formations were observed i n the v i c i n i t y of the ore-
deposit. They belong t o the Lower Volcanic Cycle and are arranged i n 
s t r a t i g r a p h i c a l l y descending order: 
( 6. Sedimentary and tuffaceous sedimentary series 
^ ( 5 . Heraatitic beds Lower ; 
.. ( 4. R h y o l i t i c t u f f and breccia 
^°^f"'^( 3. Rhyolite 
^y^'^ ( 2. Dacite 
( 1.. Andesite and basalt 
Units 1 and 2 are lava flows. They e x h i b i t s i m i l a r c h a r a c t e r i s t i c s 
to those lavas p r e v i o u s l y described from unmineralised parts of the study 
area. I t i s important t o note however, th a t n e i t h e r the andesites and 
basalts which occur approximately 200 m NE of the mineralised r h y o l i t e , 
nor the d a c i t e outcropping i n Maden Dere are mineralised (Figure 5.9). 
The r h y o l i t e of u n i t 3 may be d i s t i n g u i s h e d from the o v e r l y i n g t u f f s and 
breccias, and the underlying d a c i t e , by the alignment of quartz, feldspars 
and b i o t i t e , and by i t s mosaic t e x t u r e developed as a r e s u l t of s i l i c i f i c a t i o n . 
This type of a l t e r a t i o n probably led K i e f t (1955) to introduce tie term 
" s i l i c i f i e d and k a o l i n i s e d masses". I t i s apparent from Figures 5.9 and 
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f a u l t i n g i n t h e i r immediate v i c i n i t y , when compared to the other 
g e o l o g i c a l u n i t s i n the mine area. The magmatic l i q u i d s which formed 
the r h y o l i t e s f o l l o w the major f r a c t u r e system, as described i n Chapter 
4.6. The s t r o n g l y f a u l t e d area thus formed an i d e a l weak zone f o r 
r h y o l i t i c emplacement. The concentric arrangements of some f a u l t s , 
however, suggests t h a t they may have developed i n an attempt to accommodate 
the volume increase r e s u l t i n g from an u p r i s i n g dome of r h y o l i t i c magma. 
Explosion breccias, described from the Harsit-Koprubasi mine, seem to 
be absent at Har'kkoy. The t u f f s are also thinner and do not exceed a 
maximum of 70m, t h i s being only about h a l f t h e i r thickness at H a r s i t -
Koprubasi . 
The h e m a t i t i c beds consist of hematite and/or g o e t h i t e mixed w i t h 
t u f f s . They reach a thickness of 20-25 m and give way upwards to the 
tuffaceous sedimentary and sedimentary series which have c l o s e l y s i m i l a r 
c h a r a c t e r i s t i c s t o those described from Harsit-Koprubasi mine area. 
5.2.3 M i n e r a l i s a t i o n 
The Harkkoy ore body i s a p y r i t i c Cu, Zn, Pb massive sulphide deposit 
associated w i t h r h y o l i t e and r h y o l i t i c t u f f s . The orebody consists of 
p y r i t e - c h a l c o p y r i t e - q u a r t z stockwork ore o v e r l a i n by massive, chalocopyrite 
r i c h Zn-Pb ore. The stockwork ore gradually changes to disseminated p y r i t e 
and unmineralised r h y o l i t e , i t i s o f t e n associated w i t h dolomite which 
occurs both disseminated and i n small veins. Although stockwork ore may 
occur both i n the r h y o l i t e s and the o v e r l y i n g t u f f s , the massive ore i s 
always found towards the top of the t u f f horizons. As shown i n Figures 
5.10 and 5.11 b the massive ore i s r e l a t i v e l y t h i n , reaching a maximum 
thickness o f 2 m compared t o the maximum of 15 m i n the Harsit-Koprubasi 
mine. I t i s also evident from Figure 5.10 t h a t the massive ore, so f a r 
discovered by d r i l l i n g at Harkkoy, occurs w i t h i n the t h i c k p i l e of t u f f s . 
No massive ore i s seen i n cores 11, 14 and 17 where the t u f f s are t h i n 
and s i t u a t e d near the culmination of the r h y o l i t e dome. The d i s t r i b u t i o n 
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of p y r o c l a s t i c m a t e r i a l tends t o increase away from t h i s f l a t dome and hence 
the r e l a t i v e l y unfaulted areas to the east and, p a r t i c u l a r l y , northeast 
of Maden Dere have a t h i c k t u f f sequence. These arfeas suggest themselves 
as promising places to search f o r f u r t h e r extensions of the massive ore 
body. 
Absence of f a u l t i n g i n the area would be an added bonus as the evidence 
from the Harsit-Koprubasi mine shows t h a t l a t e f a u l t s have caused 
considerable d i s r u p t i o n of the ore-body (Figure 5.5, section 2-2^^). 
Widespread, l e n t i c u l a r b a r i t e has not been observed i n the area, 
u n l i k e Harsit-Koprubasi. Acar (1976) however, has recorded b a r i t i c 
m i n e r a l i s a t i o n between the ore body and the o v e r l y i n g hematised t u f f s . 
5.2.4. Geochemistry of the Ore-body 
The d i s t r i b u t i o n of various elements i n v e r t i c a l sections from cores 
11, 12 and 14 are presented i n Figures 5.11 a, b and c. I n a general 
sense Zn, Cd>,. Pb, Ag, As, Ba and Mn increase from bottom t o top, whereas 
there i s a tendency f o r Fe and Cu t o increase downwards. The d i s t i n c t i o n 
between the massive ore and the underlying stockwork and disseminated ore 
i s d i f f i c u l t because of the l i m i t e d data on the massive ore. However, 
data shown i n Figure 5.11b together w i t h t h a t o f Lob (1960), suggests t h a t 
massive ore i s enriched i n Zn, Pb, Cd, Ag(?) and As, whereas stockwork 
horizons contain more Fe, Cu and Mo. There i s a conspicuous enrichment 
of Fe, As, Ba and Mn i n the tuffaceous sedimentary s e r i e s , as seen i n 
Figure 5.11a, b and c. Fe i s c l e a r l y incorporated i n t o hematite and g o e t h i t e 
but i n t h i s zone As seems unrelated to any sulphide phase, although i n the 
massive ore i t derives from bournonite and presumably also from t e n n a n t i t e 
and e n a r g i t e . Ba may be concentrated i n b a r i t e and Mn i n various oxides, 
although t h i n s e c t i o n examination suggests t h a t they also probably occur 
as dispersed elements since no b a r i t e or Mn oxides could be i d e n t i f i e d . 
The elements are t h e r e f o r e most probably occurring i n adsorbed s i t e s on 
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I n core 11 (Figure 5.11a), from the bottom to the top of the sequence, 
the f o l l o w i n g order i s observed. The sequence of sulphides commences 
w i t h Fe and S, presumably r e f l e c t i n g p y r i t e . This i s followed by Fe, Cu 
(Pb), S, then Fe, Zn, Pb,(Cu),S and f i n a l l y Fe, Pb w i t h Ag and Sb. The 
l a t t e r zone i s accompanied by a culmination i n Ba and c l o s e l y o v e r l a i n by 
a zone i n which S l e v e l s f a l l to near zero, but Fe and p a r t i c u l a r l y Mn are 
enriched. Some elements c l e a r l y s u b s t i t u t e f o r major elements, t h i s i s 
obvious i n the co-variance of Cd and Zn. Ag and Sb show co-variance and 
are presumably incorporated i n t o Pb bearing minerals near the end of the 
sequence of sulphide d e p o s i t i o n . Mo and As also f o l l o w Pb f a i r l y c l o s e l y 
and are presumably mainly present i n galena, although the d i s t r i b u t i o n of 
Mo i n the lower p a r t of the core suggests a d d i t i o n a l c o n t r o l by p y r i t e . 
The sequence o f sulphides suggests d e p o s i t i o n r e l a t e d t o order of s o l u b i l i t y , 
the order being generalised as F e < C u < Zn < Pb. The sequence i s completed 
by a change i n the o x i d a t i o n s t a t e , the cessation of sulphide deposition, 
and d e p o s i t i o n of Fe and Mn oxides. 
The sequence i s c l o s e l y s i m i l a r i n core 12 (Figure 5.11.b), although 
Fe, Cu and S are co-variant throughout suggesting that c h a l c o p y r i t e , rather 
than p y r i t e , i s the dominant Fe-bearing sulphide. The Zn-Cd co-variance 
i s again very evident, w i t h Zn e s s e n t i a l l y confined to the massive ore. 
Ag and Sb again show co-variance w i t h Pb but Mo and As seem to be most 
c l o s e l y associated w i t h c h a l c o p y r i t e . I n the o v e r l y i n g S-deficient zone, 
Fe, Mn and Ba are c l e a r l y enriched and As shows a small culmination i n 
the h e m a t i t i c bed. 
V a r i a t i o n i n core 14 (Figure 5.11c) i s ra t h e r s i m i l a r to t h a t i n core 




A number o f polished specimens from each mineralised l o c a l i t y have 
been examined. The specimens were mostly from borehole cores and 
accessible underground workings, although a few were obtained from 
mineraH-Sed outcrops. X-ray d i f f r a c t i o n (X.R.D.) and el e c t r o n probe 
microanalysis (EPMA) techniques were used i n the i d e n t i f i c a t i o n of mineral 
phases and i n the measurement of the trace element v a r i a t i o n s i n c e r t a i n 
minerals. D e t a i l s of the techniques are given i n Appendix 2. 
6.1 D i s t r i b u t i o n of mineral species 
Table 6.1 shows the occurrence, abundance and d i s t r i b u t i o n o f 
sulphides, sulphates, oxides and carbonates i n massive sulphide deposits 
of the n o r t h e r n H a r s i t r i v e r area. The m i n e r a l i s a t i o n i s shown i n 
r e l a t i o n t o v a r i a t i o n s i n the l i t h o l o g y o f the host-rock. The inform a t i o n 
i n Table 6.1 i s compounded from observations on a number of deposits i n the 
area since, as explained p r e v i o u s l y , no si n g l e deposit shows the complete 
zonal sequence. The zonation i s s i m i l a r to those described f o r the 
Cayeli deposits by Cagatay (1977) and f o r the Lahanos mine by Tugal (1969). 
The sequence also shows many close s i m i l a r i t i e s to the d i s t r i b u t i o n of 
m i n e r a l i s a t i o n i n Japanese Kuroko deposits as described by Ishihara (1974) 
and f i r s t n oticed by Tugal (1969). Cagatay (1977) has compared the ones 
at Cayeli w i t h the Kuroko deposits terming the massive ore - Black ore 
(Kuroko) and stockwork ore - Yellow ore (Oko) deposits. The generalised 
terms Black Ore and Yellow Ore have been used i n t h i s study. The term 
"Black ore" i s used t o encompass the massive p a r t of the orebody when i t 
consists of s p h a l e r i t e , p y r i t e , galena, c h a l c o p y r i t e and sulphosalts. Use 
of the term "massive' p y r i t i c ore", f o r example i n describing the deposits 
at Lahanos (Tugal,1969), I s r a i l , Yale Tepe and Yarmaden, implies the 
importance and abundance of the named mineral. The term "Yellow ore" has 
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been used t o describe a c h a l c o p y r i t e - p y r i t e ore occurring mostly i n 
stockwork and/or disseminated form, seen f o r example i n the cores from 
the Harkkoy mine: many of the s i l i c e o u s , p y r i t i c stockworks however 
would be more a p p r o p r i a t e l y termed "Keiko" ores, i f d i r e c t comparison 
w i t h the Japanese examples i s to be maintained. 
6.2 Suphides 
6.2.1 P y r i t e 
P y r i t e i s by f a r the most abundant sulphide mineral and occurs 
throughout the deposits i n a l l zones up to the b a r i t e horizon. I t s 
abundance and form, however, may vary both between and w i t h i n ore bodies. 
Euhedral t o subhedral p y r i t e i s most common since the "formation 
energy" of p y r i t e i s greater than t h a t of other sulphide minerals 
(Ramdohr, 1969). 
Colloform p y r i t e does occur, but i s e x c l u s i v e l y confined to the upper 
parts of the massive black ore which also contains considerable b a r i t e 
( P l a t e 6.1). Under the microscope i t shows p e l l e t , framboidal and zonal 
textures and appears t o be s i m i l a r to the "mineralised b a c t e r i a " , described 
by Ramdohr (1969, f i g . 1 1 6 ) . The occurrence of colloforra p y r i t e has been 
reported i n many of the massive sulphide deposits i n v e s t i g a t e d i n the 
Pontid metallogenic province. I t occurs i n ore Zone I I I , the upper part 
of the massive p y r i t i c ore, at Lahanos (Tugal,1969) and i s i n t i m a t e l y 
associated w i t h the Black ore at Cayeli (Cagatay, 1977). I n the Bulancak 
sulphide veins, however, A k i n c i (1974, p.103) stated that "no form of 
c o l l o i d a l p y r i t e was seen". 
The o r i g i n of c o l l o f o r m textures has been exte n s i v e l y discussed by 
Ba s t i n (1950), Edwards (1965), Rickard (1970) and Kribek (1975) w i t h general 
acceptance t h a t they represent open space p r e c i p i t a t i o n . Kribek (1975) 
discussed the o r i g i n of framboids, based on l a b o r a t o r y experiments. He 
concluded t h a t s u l p h i d a t i o n ( o x i d a t i o n ) of metastalle spherical grains of 
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PLATE 6.1: Colloform p y r i t e (sample 405, Harsit-Koprubasi mine a d i t , 
l e v e l , -10) lOOx. 
PLATE 6.2: C a t a c l a s t i c p y r i t e replaced by ch a l c o p y r i t e , b o r n i t e , 
c h a l c o c i t e ( ? ) and c o v e l l i t e (Harkkoy mine, borehole 14, 
47.55 m) lOOX 
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sulphur, i n i t i a t e d e i t h e r by the o x i d a t i o n of hydrogen sulphide or by the 
ac t i o n of micro-organisms, may p r e c i p i t a t e framboidal p y r i t e . Watanabe 
(1974) has also ascribed the formation of c o l l o i d a l textures observed i n 
Kuroko ores t o an increase i n the o x i d a t i o n s t a t e of the ore f l u i d s . 
P y r i t e commonly e x h i b i t s a c a t a c l a s t i c t e x t u r e (Plate 6 .2) of euhedral 
to subhedral g r a i n s . Angular fragments of p y r i t e (and i n places c h a l c o p y r i t e ) 
are s c a t t e r e d i n a mat r i x of c h a l c o p y r i t e , b o r n i t e , s p h a l e r i t e and c o v e l l i t e , 
Watanabe ( o p . c i t . ) i n t e r p r e t s such fragmental textures i n the Kuroko ores, as 
due t o r e d e p o s i t i o n and t r a n s p o r t a t i o n during s l i d i n g and slumping of 
l o c a l submarine lavas during and a f t e r the p r e c i p i t a t i o n of the ore minerals. 
The occurrence of brecciated ore fragments i n the Harsit-Koprubasi mine 
black ore (Plates 6.3 and 6 .4) may support t h i s theory of redeposition. 
A d d i t i o n a l l y , however, i t may be proposed t h a t co-eval, or post-ore deposition, 
volcanism may also produce fragmental and c a t a c l a s t i c textures (Plate 6 . 5 ) . 
The occurrence of such textures i n r e l a t i v e l y undisturbed (unfaulted) parts 
of the ore body may r u l e out the p . o s s i b i l i t y o f f a u l t b r e c c i a t i o n . 
The g r a i n - s i z e of p y r i t e varies between the euhedral and col l o f o r m 
types. The former are l a r g e s t a t the bottom of an orebody where they reach 
1-2 ram i n diameter i n the disseminated ore. I n the stockwork, the g r a i n -
size averages about lOOyw, i n diameter, while i n the massive ore the average 
dimensions f a l l t o around 50yx. Colloform p y r i t e i s of extremely f i n e 
g r a i n - s i z e . 
A se r i e s of e l e c t r o n probe analyses were c a r r i e d out on p y r i t e grains 
of euhedral t o subhedral and c o l l f o r m type. I n d i v i d u a l analyses are 
shown i n Table 6 . 2 . , and Table 6.3 summarises the r e s u l t s obtained from the 
two v a r i e t i e s . A p p l i c a t i o n of the Wilcoxon Rank Sum Test (Wilcoxon & Wilcox, 
1964) reveals s i g n i f i c a n t d i f f e r e n c e s i n the major and minor element contents 
o f the w e l l c r y s t a l l i n e and c o l l o f o r m types. 
Differences i n l e v e l s of the major elements Fe and S, and i n the trace 
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PLATE 6.3: Ore breccia (sample 438, Harsit-Koprubasi mine a d i t , 
l e v e l - 10) 
PLATE 6.4: Ore breccia (sample 112, northern Harsit r i v e r area.) 
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PLATE 6.5: C a t a c l a s t i c t e x t u r e i n galena, s p h a l e r i t e , t e t r a h e d r i t e 
and bournonite (sample 437, Harsit-Koprubasi mine a d i t , 
l e v e l , -10) lOOX 
PLATE 6.6: Colloform i n t e r g r o w t h of s p h a l e r i t e , t e t r a h e d r i t e -
t e n n a n t i t e and galena (sample 435, Harsit-Koprubasi 
mine a d i t , l e v e l , -10) lOOX 
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COLLOFORM PYRITE 
Sample No. Fe* s* As Se Cr Cu Z;n Co ..Ni T o t a l * 
Hll-44m 45.93 53.69 5060 - - n.d. n.d. 1070 •630 100.30 
Hll-41ra 45.31 53.71 7600 - 210 n.d. n.d. 1450 1820 100.13 
H13-19m 45.20 49.66 4470 - - 550 680 610 1360 95.63 
H13-21ni 44.41 51.22 6040 - - 3740 1530 1480 2930 97.20 
H27-21m 44.93 53.14 2150 - 240 2020 - 1590 750 98.75 
H31-22m 42.50 54.33 11330 400 - 8360 11870 1240 810 100.23 
H41.16m 44.07 52.40 18100 - - 11230 2450 1030 790 99.83 
H68,38in 45.50 53.40 8380 - - n.d. n.d. 600 - 99.79 
H68,48 46.47 52.03 11190 - - 1760 1880 1480 1350 101.26 
112 43.28 52.92 7780 - - n.d. n.d. 1080 530 97.14 
112A 45.32 53.37 - - - n.d. n.d. - 650 98.76 
405 44.81 51.64 11340 T 320 n.d. n.d. 1150 780 97.81 
405A 45.46 51.21 19200 390 n.d. n.d. - - 98.63 
EUHEDRAL PYRITE 
HG2-llra 45.39 52.07 270 
H4-53m 47.24 52.26 5080 
H13-19m 45.56 52.07 6550 
H13-24ra 44.42 54.38 810 
H19-24 46.74 52.91 2580 
H44-16ra 46.40 54.43 3650 
H47-102m 46.32 53.90 5070 
H68-48m 46.80 52.48 1820 
H68-49in 46.98 52.88 
H68-54m 46.65 51.25 1310 
HRKll-30ra 46.50 52.47 
HRKll-43in 46.82 54.28 2740 
HRK12-141m 46.94 52.69 
HRK12-148 45.24 53.30 
HRK14-47m 45.55 53.32 
HRK14-148 47.60 52.56 
165 45.60 53.87 
165A 47.12 53.90 
216 45.44 53.74 














1280 - 2070 720 97.97 
1230 660 1390 560 100.39 
1650 310 1770 - 98.66 
- - 2120 - 99.12 
- - 990 670 100.09 
- - 860 - 101.28 
n.d. n.d. 990 350 100.86 
870 950 1330 720 99.89 
- 2070 840 - 100.19 
990 1340 1370 490 98.48 
1190 - 1390 860 99.39 
720 - 670 - 101.51 
- 700 1940 - 99.89 
1240 920 1590 870 99.07 
2800 940 1350 320 99.49 
570 230 1230 420 100.41 
- - 1440 410 99.73 
840 400 1620 1340 101.51 
n.d. n.d. - - 99.18 
6680 - 970 540 100.63 
* wt percent, otherwise i n ppm 
n.d. not determined 
below the d e t e c t i o n l e v e l 
H Harsit-Koprubasi borehole sample 
HG Harsit-Koprubasi a d i t borehole, l e v e l 
HRK Harkkoy mine 
112 surface sample 
16 m 















44.42 - 47.60 
51.52 - 54.44 

















42.50 - 46.47 













530 - 2930 













Two-sided Wilcoxon Rank Significance Test p r o b a b i l i t y 
l e v e l s (Wilcoxon and Wilcox 1964), only values up to 
a p r o b a b i l i t y l e v e l of 0.10 are included. 
Wt percent, otherwise i n ppra 
below the l i m i t of d e t e c t i o n 
TABLE 6.3: Comparative e l e c t r o n probe microanalysis r e s u l t s f o r 
w e l l c r y s t a l l i n e and coll o f o r m p y r i t e s 
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elements Cu and Zn, are a t t r i b u t e d to the extremely f i n e g rain-size of the 
c o l l o f o r m p y r i t e s . The apparent higher Cu and Zn contents of the c o l l o f o r m 
p y r i t e may be r e a d i l y explained by contamination from PbS and ZnS present 
i n the black ore which i s i n t i m a t e l y associated w i t h the c o l l o f o r m p y r i t e . 
Cu and Zn, which are not r e a d i l y accepted i n t o the c r y s t a l s t r u c t u r e of 
p y r i t e , thus most probably occur as "mechanical admixtures" (Ramdohr, 1969, 
p.779). 
P y r i t e can contain s u b s t a n t i a l Ni and Co s u b s t i t u t i n g f o r Fe (Stanton, 
1972). Examples given by F l e i s c h e r (1955) i n d i c a t e that p y r i t e of 
sedimentary o r i g i n i s characterised by low Co contents and Co/Ni r a t i o s 
less than one, whereas p y r i t e of hydrothermal o r i g i n has high Co values 
(400-2400 ppm) and Co> N i . Fleischer suggests however t h a t Co content 
and the Co/Ni r a t i o must be used w i t h considerable caution i n determining 
the o r i g i n of p y r i t e . A s i m i l a r study by Davidson (1962) also showed 
t h a t Co/Ni r a t i o s may be used to d i s t i n g u i s h sedimentary and magmatic 
hydrothermal ores, while L o f t u s - H i l l s and Solomon (1967) have demonstrated 
from Tasmanian examples, t h a t a c l e a r d i s t i n c t i o n may be established between 
sedimentary p y r i t e and a l l other p y r i t e (hydrothermal). Tono (1974) has 
compared Co/Ni r a t i o s of s i l i c i f i e d (Co/Ni= 22)and Oko(Co/Ni=3) ore i n 
Kuroko deposits which i n d i c a t e a downward increase sympathetic w i t h the 
temperature v a r i a t i o n shown by these ores. The observed v a r i a t i o n i n 
Co and Ni and the d i f f e r e n c e i n the Co/Ni r a t i o between euhedral p y r i t e , 
which occurs i n the lower p a r t s , and c o l l o f o r m p y r i t e , found i n the upper 
p a r t of the orebodies, i s thus compatible w i t h t h a t shown by the Kuroko 
deposits. 
However, examination of tables 6.2 and 6.3 shows that the Co/Ni r a t i o 
i s more s i g n i f i c a n t l y changed (0.01 l e v e l ) by the increase of Ni i n 
c o l l o f o r m p y r i t e . I t i s t h e r e f o r e necessary to f i n d a source f o r Ni and 
t o decrease Co l e v e l s i n the upper pa r t of the ore body, as compared to 
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the lower stockwork zone. The deep sea clays are characterised by excess 
amounts of Ni and the oceanic basalts by t h e i r high Ni content (Taylor,1969). 
By analogy t o these, a possible i n t e r a c t i o n between the ascending hydro-
thermal s o l u t i o n s w i t h a high Co/Ni r a t i o and the sea water w i t h a Co/Ni 
r a t i o of 0.05 may w e l l be an answer to the change i n the r a t i o w i t h i n the 
ore body as discussed i n Chapter 7. Therefore v a r i a t i o n i n Co/Ni r a t i o s 
w i t h i n an ore suggests t h a t simple Co/Ni r a t i o s f o r a deposit have l i t t l e 
meaning i n the c l a s s i f i c a t i o n of volcanogenic sulphide deposits, as 
attempted by Cagatay (1977, p.10). 
The higher As contents of the c o l l o f o r m p y r i t e are s i m i l a r to the 
values observed i n c o l l o f o r m p y r i t e by Ramdohr (1969). Hawley (1952) 
has demonstrated t h a t i n the Porcupine veins, Ontario, low temperature 
p y r i t e contains more As than i t s high temperature counterpart, while 
T a l l u r i (1951) has shown t h a t p y r i t e i n eruptives i s enriched i n As 
r e l a t i v e t o sedimentary p y r i t e . Malakhov e t a l (1974) showed that p y r i t e 
from the syngentic upper parts of the Makansky deposits of the southern 
Urals contains more As than the epigenetic v e i n s j . 
The geochemistry of Se i s c l o s e l y r e l a t e d to t h a t of sulphur 
although Howard (1977) states t h a t Se i s concentrated i n high temperature 
sulphide ore deposits, thus accounting f o r i t s enrichment i n the epigenetic 
veins of the Makansky deposits described by Malakhov et a l (1974). 
L o f t u s - H l l l s and Solomon (1967) have concluded t h a t i n some major provinces 
the Se/S r a t i o may be a u s e f u l i n d i c a t o r of ore genesis. 
I n the northern H a r s i t r i v e r area Se i s r e l a t i v e l y depleted i n the 
c o l l o f o r m p y r i t e (Table 6.3). Stanton (1972,p.172) has stated t h a t 
"sulphur and selenium show many s i m i l a r i t i e s of chemistry and general 
a s s o c i a t i o n . However one d i s s i m i l a r i t y stands out: whereas sulphur 
i s abundant i n the water of oceans, selenium i s . . . . conspicuously absent." 
The change i n the o x i d a t i o n s t a t e of the ore f l u i d s , or o x i d a t i o n of 
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hydrogen sulphide necessary f o r p r e c i p i t a t i o n of co l l o f o r m p y r i t e , may be 
f a c i l i t a t e d by the contact or mixing of ore f l u i d s w i t h sea water. Such 
i n t e r a c t i o n would be l i k e l y to y i e l d low Se-bearing p y r i t e due t o the 
d i l u t i o n e f f e c t of low Se sea-water. The abundance of b a r i t e , i n close 
a s s o c i a t i o n w i t h c o l l o f o r m p y r i t e , may also support a change i n the ox i d a t i o n 
s t a t e of the ore-forming f l u i d s , or mixing of sulphate-bearing sea-water 
w i t h Ba-carrying ore f l u i d s . 
6.2.2. Chalcopyrite 
The abundance of c h a l c o p y r i t e varies both geographically and 
s t r a t i g r a p h i c a l l y . I t i s u s u a l l y the major c o n s t i t u e n t a f t e r p y r i t e , i n 
the stockwork ore (Yellow o r e ) . I n s p h a l e r i t e r i c h - v e i n s i t forms droplets 
r e s u l t i n g from i m m i s c i b i l i t y during cooling (Ramdohr,1969). Chalcopyrite 
u s u a l l y replaces euhedral p y r i t e and occurs together w i t h enargite and 
b o r n i t e forming the f o l l o w i n g common association: 
Pyrite+chalcopyrite+bornite-i-enargite+native gold . 
Chalcopyrite i s less common i n the massive ore and when present i s of small 
g r a i n - s i z e , averaging approximately 50yj. i n diam<ter. I t shows no 
replacement features i n the massive ore. The association: Sphalerite + 
t e t r a h e d r i t e + t e n n a n t i t e + p y r i t e + galena + chalcopyrite + bournonite i s 
c h a r a c t e r i s t i c . Most of the ch a l c o p y r i t e appears to have formed e i t h e r 
contemporaneously w i t h , or l a t e r than, the p y r i t e . I t may w e l l form 
e a r l i e r than most of the other massive ore consti t u e n t s shown i n Table 6.1. 
Electron-probe analyses of c h a l c o p y r i t e are presented i n table 6,4, 
although l i m i t e d , show general agreement w i t h trends established f o r the 
trace elements i n p y r i t e . Co/Ni r a t i o s i n cha l c o p y r i t e from the 
uppermost horizons of massive ore (Co/Ni 0.68 and 1.44) are low when 
compared t o those i n c h a l c o p y r i t e from stockwork ore (Co/Ni 1.23 - 3.55), 
wh i l e Se l e v e l s were below the d e t e c t i o n l i m i t i n the massive ore of the 
higher s t r a t i g r a p h i c horizons. The generally high As contents are clo s e l y 
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comparable t o those found i n the Shakanai Kuroko deposits by Nishiyama (1974). 
They may r e s u l t from e x s o l u t i o n of As minerals w i t h i n the chalcopyrite 
(Edwards,1965). Chromium l e v e l s are higher i n ch a l c o p y r i t e than c o - e x i s t i n g 
p y r i t e as shown by Shiraazaki (1974) f o r Kuroko ores. Cr has only been 
detected i n the lower stockwork c h a l c o p y r i t e (Table 6.4) of Harkkoy 12 and 
14 borehole cores. 
6.2.3 S p h a l e r i t e 
S p h a l e r i t e i s the most abundant sulphide i n the massive ore, 
although i t i s v i r t u a l l y absent i n the stockwork ore of Harkkoy mine. I t 
i s u s u a l l y found i n subhedral t o anhedral grains varying i n size between 
20 and 800yu, , but being mostly near to 80yw. i n the massive ore. Occasional 
c o l l o f o r m i n t e r g r o w t h s o f s p h a l e r i t e w i t h galena and t e t r a h e d r i t e occur i n 
the upper, massive, black ore. Plates 6.6,6.7 and 6.8 again p o i n t i n g to a 
change i n the physico-chemical parameters as discussed f o r c o l l o f o r m p y r i t e . 
Most of the s p h a l e r i t e i s dark brown, but yellow-green to red coloured 
v a r i e t i e s are present, sometimes showing a l t e r n a t e bands of yellow and red 
i n t h i n discs prepared f o r f l u i d - i n c l u s i o n studies. Exsolved blebs of 
c h a l c o p y r i t e i n s p h a l e r i t e occur i n minor amount, while replacement involves 
s p h a l e r i t e f o r p y r i t e . The r e l a t i o n s h i p between s p h a l e r i t e and other 
massive ore c o n s t i t u e n t s i s not c l e a r . 
S p h a l e r i t e analyses are shown i n Table 6.4. Barton and Toulmin (1966) 
have shown t h a t , except f o r very Fe r i c h v a r i e t i e s , the Fe content of 
s p h a l e r i t e i s a f u n c t i o n of aFes and temperature, provided the r e l a t i o n s h i p 
i s unaffected by the other components o f the system, such as MnS and CdS. 
Their studies i n the Zn-Fe-S system, however, only consider the use of 
s p h a l e r i t e as a geothermometer above 580°C, although Yui and Czamanski 
(1971) have obtained values below 300°C from s p h a l e r i t e from l i m o r i mine 
by e x t r a p o l a t i o n of the o r i g i n a l curve produced by Barton and Toulmin 
(1966, f i g . 1 4 ) . No attempt was made to use the s p h a l e r i t e geothermometer 
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PLATE 6.7: Colloform i n t e r g r o w t h of s p h a l e r i t e , t e t r a h e d r i t e -
t e n n a n t i t e , bournonite, galena and chalc o p y r i t e 
(sample 435, Harsit-Koprubasi mine a d i t , l e v e l , -10) 
56X 
PLATE 6.8: S p h a l e r i t e , t e t r a h e d r i t e - t e n n a n t i t e c o l l o f o r m 
i n t e r g r o w t h (sample 435) 450X 
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since Barton and Toulmin (1966,p.816) consider t h a t " e q u i l i b r i u m cannot 
be q u a n t i t a t i v e l y extrapolated to lower temperatures from the presently 
a v a i l a b l e data and therefore q u a n t i t a t i v e geothermoraetry....is not f e a s i b l e . " 
The data obtained from the f l u i d i n c l u s i o n studies of s p h a l e r i t e from the 
study area y i e l d temperatures below 300°C. The i r o n content of s p h a l e r i t e 
varies between 0.1 and 0.9 wt% w i t h the tendency f o r the higher values to 
occur i n the stockwork ore. The v a r i a t i o n may be a t t r i b u t e d to a change 
i n the sulphur f u g a c i t y (Barton and Toulrain, 1966; Nash, 1975), and/or 
temperature (Barton and Ski nner, 1967). The data i s too l i m i t e d to 
a t t r i b u t e the v a r i a t i o n to a p a r t i c u l a r aspect of the ore forming f l u i d s , 
however, the ge n e r a l l y low Fe content i s s i m i l a r to values obtained from 
Kurokp deposits, from Bulancak mine and from Binnatel mine where the data 
o 
are i n agreement w i t h the temperatures of less than 300 C obtained from 
f l u i d i n c l u s i o n studies (Urabe,1974; Akinci,1974; Graeser,1969). 
Acar and A k i n c i (1975) found a l i n e a r c o r r e l a t i o n between Cd and Zn 
contents as a r e s u l t of systematic analysis of m a t e r i a l from the H a r s i t -
Koprubasi mine. The high Cd l e v e l s i n the analysed sphalerites shown i n 
Table 6.4 are i n agreement w i t h t h e i r study and imply that Cd may be an 
economic by-product of the ores. 
6.2.4 Galena 
Galena i s commonly found i n the massive ore where i t usually 
occurs as rounded grains of 50-60jx diameter. I t shows no replacement 
features ( p l a t e 6.9). E l e c t r o n probe analysis of galena from the H a r s i t -
Koprubasi mine, borehole 19, at 24 ra gave the f o l l o w i n g r e s u l t : 
PbS, H19-24m(Wt%) Theoretical (Palache e t a l . l 9 4 4 ) 
Pb = 84.97 86.60 
= 13.00 13.40 
Mn = 0.049 
Zn = .0.090 
Sb = 0.103 
To t a l = 98.21 100.00 




PLATE 6.9: Photomicrograph showing rounded galena w i t h no replacement 
feature (sample 447, Harsit-Koprubasi mine a d i t , level,-10) 
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Bornite only occurs i n a few specimens, i n small q u a n t i t i e s , 
being associated w i t h c h a l c o p y r i t e , p y r i t e , s p h a l e r i t e and c o v e l l i t e 
and p o s s i b l y w i t h c h a l c o c i t e and d i g e n i t e . The f o l l o w i n g e l e c t r o n 
probe a n a l y s i s , obtained from Harkkoy mine, borehole 14, at 47.55 m, 
gives the composition of b o r n i t e : 
Cu FeS ,HRK 14/47.55 m(Wt%) t h e o r e t i c a l (Palache et al,1944) 
Cu = 61.76 63.33 
Fe = 11.99 11.12 
S = 25.44 25.55 
Tota l = 99.19 100.00 
As,Sb,Ag,Pb were not detected. 
6.2.6 Enargite 
According to Ramdohr (1969) enargite has the composition Cu 
AsS^ , As can be p a r t l y replaced by Sb although t h i s i s generally less 
than 7 wt%. With a greater p r o p o r t i o n of Sb, the composition Cu2(As,Sb) 
S 4 i s reached and the mineral i s termed s t i b i o l u z o n i t e . The e l e c t r o n 
probe analyses shown i n Table 6.4 r e f l e c t compositions near to enargite, 
f o r example WI, 25 m (A), based on 4 metal atoms, r e c a l c u l a t e to Cu^ 
Zn^ (-^ n^ Q / i '^^ n I T ^ OA • Enargite i s only found i n a few specimens 
U .UJ. U . y4 U.Xo O . o4 
but occurs i n both the massive and stockwork ores, being generally 
associated w i t h c h a l c o p y r i t e , s p h a l e r i t e , galena and t e t r a h e d r i t e , and, 
to a le s s e r extent, p y r i t e . The gra i n - s i z e i s usually small, averaging 
50-60jju . 
6.2.7. Orpiment 
Orpiment i s e i t h e r confined to the uppermost part of the massive, 
black ore, or i s found i n small patches w i t h i n the o v e r l y i n g t u f f s . Specimen 
326, from near to the Harsit-Koprubasi mine, consists of f i n e orpiment 
aggregates associated w i t h t u f f s . E l e c t r o n probe analysis gave the 
f o l l o w i n g r e s u l t : 
As S , 326 Wt% t h e o r e t i c a l (Palache e t al,1944) 
As = 58,58 60,91 
S = 40.11 39.09 
Pb = 0.209 
To t a l = 98.90 100.00 
Sb,Ag,Cu,Zn,Cd,Se,Hg,Fe,Mn were not detected. 
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6.3 Sulphosalt minerals 
T e t r a h e d r i t e - t e n n a n t i t e and bournonite are the dominant sulphosalts, 
o c c u r r i n g e x c l u s i v e l y i n the massive ore. The former, a major source of 
Ag, produces a l e v e l of 416 tons m e t a l l i c Ag i n the massive ore of the 
Harsit-Koprubasi mine (Acar, 1974). Springer (1969) has shown that the 
end members of the t e t r a h e d r i t e - t e n n a n t i t e s o l i d s o l u t i o n series do not 
u s u a l l y occur n a t u r a l l y , while H a l l (1972) and Yui (1971) have established 
a p o s i t i v e c o r r e l a t i o n between the Sb and As contents of the s e r i e s . Electron 
probe analyses of m a t e r i a l from massive ore horizons, show th a t the minerals 
are near to the t e t r a h e d r i t e - e n d of the s o l i d s o l u t i o n s e r i e s , characterised 
by high Ag contents (Table 6,4). The r a t i o of chalcopyrite to t e t r a h e d r i t e -
t e n n a n t i t e i n the massive ore i s close to u n i t y and thus both c o n t r i b u t e 
s u b s t a n t i a l amounts to the Cu content of the ores. 
The sulphosalts have s i m i l a r textures and grain-size to s p h a l e r i t e and 
galena, o c c u r r i n g i n t e r s t i t i a l l y , i n an i r r e g u l a r form, between the other 
massive ore c o n s t i t u e n t s . The colours of both t e t r a h e d r i t e - t e n n a n t i t e 
and bournonite are very s i m i l a r (pale greenish) but p e r f e c t polysynthetic 
t w i n lamellae w i t h bluish-grey p o l a r i s a t i o n colours enable the l a t t e r to be 
d i s t i n g u i s h e d from i s o t r o p i c t e t r a h e d r i t e - t e n n a n t i t e , 
6.4 Gold 
Gold was noted i n one specimen only, from the Harkkoy mine (HRK Borehole 
14 at 47.55 m) where i t occurs as t i n y rounded dr o p l e t s i n s i l i c i f i e d t u f f s . 
The gold shows high r e f l e c t i v i t y , a w h i t i s h yellow colour and has an 
i s o t r o p i c character which allows i t t o be d i s t i n g u i s h e d from associated 
c h a l c o p y r i t e . 
6.5 Sulphates 
6.5.1 B a r i t e 
B a r i t e i s the major gangue mineral of the massive ore where i t 
occurs, together w i t h quartz. Overlying the massive ore, i t becomes the 
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dominant c o n s t i t u e n t . This zone may be monomineralic, c o n s i s t i n g of minute 
b a r i t e c r y s t a l s i n t e r s t r a t i f i e d w i t h the t u f f s , or massive b a r i t e as seen 
f o r example i n the roof of the a d i t forming the entrance t o the Koprubasi 
mine. The thickness of t h i s b a r i t i c ore varies from a few cm to a few 
metres. The mineral commonly forms lenses p a r a l l e l to the bedding planes 
of the t u f f s . 
6.5.2 Gypsum 
The presence of gypsum has only been confirmed by extensive 
;X-ray d i f f r a c t i o n studies of borehole core specimens from the H a r s i t -
Koprubasi mine; gypsum was not recorded i n previous studies by Vujanovic 
(1974) or Acar (1976). The mineral mostly occurs above the f o o t w a l l 
r h y o l i t e s , being commonly associated w i t h explosion breccias and s i l i c i f i e d 
t u f f s . I t i s extremely d i f f i c u l t to estimate the thickness or d i s t r i b u t i o n 
of the mineral since most boreholes do not penetrate to s u f f i c i e n t depth, 
and the gypsum mainly occurs disseminated or i n f i n e laminations. From 
studies based on Harsit-Koprubasi borehole cores H3, H44 and H68, the 
thickness may reach 7-8 m. Megascopically the mineral appears p i n k i s h 
white, i t may have been mistaken f o r c a l c i t e i n previous studies. XRD 
shows t h a t i t i s w e l l c r y s t a l l i n e . 
6.6 Carbonates 
6.6.1 Dolomite 
Dolomite i s the most common carbonate mineral. I t i s occasionally 
associated w i t h ferroan dolomite and s i d e r i t e , f o r example i n the H a r s i t -
Koprubasi borehole H24, at 134 m depth, where the carbonates reach 1 m i n 
thickness and occur disseminated i n the t u f f s and breccias and as small 
veins. Dolomite also occurs i n the massive fonn near Ketencukuru. 
S p a t i a l l y the occurrence of dolomite i s s i m i l a r to tha t of gypsum i n the 
Harsit-Koprubasi mine, although both minerals never occur i n the same hand-
specimen. 
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6.6.2 Malachite and A z u r i t e 
These minerals are found w i t h i n the o x i d a t i o n zone near the 
Harsit-Koprubasi mine a d i t . Malachite shows d i s t i n c t b i r e f l e c t a n c e and 
p u r p l i s h - g r e y p o l a r i s a t i o n colours, w i t h c h a r a c t e r i s t i c green i n t e r n a l 
r e f l e c t i o n s whereas a z u r i t e i s characterised by blue i n t e r n a l r e f l e c t i o n s 
and a cloudy appearance under crossed N i c o l s . The presence of both 
minerals has been f u r t h e r confirmed by X-ray d i f f r a c t i o n . 
6.7 Oxides 
6.7.1 Quartz 
Quartz i s the p r i n c i p a l gangue mineral. I t occurs i n the 
e a r l y q u a r t z - p y r i t e veins and, less commonly, i n the q u a r t z - p y r i t e -
c h a l c o p y r i t e veins (Plate 6.10). The mineral i s widespread i n the 
extensive s i l i c i f i e d envelope surrounding the ore bores where i t appears 
as f i n e c r y p t o - c r y s t a l l i n e aggregates. The quartz veins are usually 
between a few mm and a few cm i n thickness. 
6.7.2 Hematite and Goethite 
Hematite and Geothite are dominantly associated w i t h hanging 
w a l l t u f f s and r a d i o l a r i a n cherts. Hematite i s only present i n a few 
specimens as d i s c r e t e blades or l a t h s , otherwise i t i s mostly a l t e r e d to 
g o e t h i t e , producing the d i s t i n c t red c o l o u r a t i o n of the hanging w a l l t u f f s . 
The term " h e m a t i t i c beds" th e r e f o r e implies t u f f s and associated sediments 
which co n t a i n both hematite and g e o t h i t e . The minerals may form l e n t i c u l a r 
bodies p a r a l l e l to the bedding planes of the t u f f s (e.g. at Harkkoy) or 
r a d i o l a r i a n cherts (e.g. at the Harsit-Koprubasi mine). Colloform 
g o e t h i t e - c o v e l l i t e intergrowths are present occasionally, mainly being 
associated w i t h p y r i t e and c h a l c o p y r i t e . 
6.7.3 Manganese Oxides 
Mn oxides i n the area have e i t h e r a close time and space 
r e l a t i o n s h i p t o the massive ore deposits or are c l o s e l y associated w i t h 
massive ore i n time but not i n space. The former consist of extremely 
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f i n e - g r a i n e d , earthy, specks of p y r o l u s i t e and manganite, i n the a l t e r e d 
hanging-wall t u f f s and ch e r t s . The l a t t e r comprise high-grade, hard 
manganese ores w i t h a b o t r y o i d a l (Plate 6.11), s t r u c t u r e , obviously of 
c o l l o f o r m o r i g i n ( P l ate 6.12). They occur i n the uppermost part of the 
Lower Volcanic Cycle at the same horizon as the Mn-oxides associated 
w i t h the massive ore bodies. Under the microscope both v a r i e t i e s comprise 
a f i n e , u n i d e n t i f i a b l e a n i s o t r o p i c mixture. X-ray d i f f r a c t i o n studies 
reveal t h a t the m a t e r i a l i s poor to w e l l c r y s t a l l i n e p y r o l u s i t e , psilomelane 
and minor manganite. 
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PLATE 6.11: B o t r y o i d a l manganese ore (sample 206, northern H a r s i t 
r i v e r a r e a ) 
PLATE 6.12: Colloform intergrowth of the b o t r y o i d a l manganese ore 
(sample 206, northern H a r s i t r i v e r area) iOOX 
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CHAPTER SEVEN 
CHARACTERISTICS OF THE MINERALISING SOLUTIONS 
7.1 I n t r o d u c t i o n 
Quantative e v a l u a t i o n of the nature and o r i g i n s of ore forming 
f l u i d s has always been a primary t a r g e t for economic g e o l o g i s t s . This 
chapter, based on the f l u i d i n c l u s i o n s t u d i e s and the p a t t e m o f hydro-
thermal a l t e r a t i o n , attempts to e s t a b l i s h l i m i t s for some of the physico-
chemical parameters of the m i n e r a l i s a t i o n . These i n c l u d e f a c t o r s such 
as temperature, p r e s s u r e and s a l i n i t y of the m i n e r a l i s i n g f l u i d s , and 
some thermodynamic parameters of the ore s o l u t i o n s and t h e i r c o n s t i t u e n t 
i o n s . 
The use of f l u i d i n c l u s i o n s , e s p e c i a l l y i n the determination of 
d e p o s i t i o n a l temperature i s p a r t i c u l a r l y j u s t i f i e d due to the l i m i t e d 
a p p l i c a b i l i t y of the p y r r h o t i t e - s p h a l e r i t e geothermometer, pioneered by 
Barton and Toulmin (1966), and the r e s t r i c t e d use that can be made of 
the d i s t r i b u t i o n of minor elements between c o - e x i s t i n g s p h a l e r i t e and 
galena (Bethke and Barton, 1971). Studies based on the l a t t e r technique 
have shown th a t c a l c u l a t e d temperatures s c a t t e r over a wide range, and 
do not agree with data from f l u i d i n c l u s i o n s . These u n r e l i a b l e data 
are presumably due to the d i f f i c u l t y i n e s t a b l i s h i n g that the sampling 
i s confined to c o - e x i s t i n g minerals and i n e l i m i n a t i o n of the e f f e c t s of 
post d e p o s i t i o n a l r e - q u i l i b r i u m i n the l e s s r e f r a c t o r y phase (Nash,1975). 
F l u i d i n c l u s i o n s t u d i e s , however, p a r t i c u l a r l y i n recent years, have emerged 
as the most i n f o r m a t i v e and dependable method (Sawkins, 1966; Roedder, 1967) 
7.2 F l u i d i n c l u s i o n s t u d i e s 
7.2.1 Types of i n c l u s i o n 
D i s t i n c t i o n s between primary i n c l u s i o n s , formed a t the time of growth 
of the surrounding p a r t of the c r y s t a l , and secondary i n c l u s i o n s have been 
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given i n the l i t e r a t u r e (Yermakov,1965; Roedder, 1965 and 1967). I n c l u s i o n s 
which have grown p a r a l l e l to c r y s t a l planes or to colour banding, and 
negative c r y s t a l shapes, are probably the most important c r i t e r i a i n d i c a t i v e 
of primary o r i g i n . A d d i t i o n a l l y , according to Roedder (1967), primary 
i n c l u s i o n s are l a r g e and s p a r s e l y d i s t r i b u t e d , while secondary i n c l u s i o n s 
from the same sample are small and very numerous. 
The t r a n s p a r e n t minerals found i n the ore-deposits of the northern 
H a r s i t r i v e r area are s p h a l e r i t e , quartz and b a r i t e . Only a small number 
of measurements could be obtained from the quartz and b a r i t e , however, 
as the i n c l u s i o n s were e i t h e r small and s i n g l e phase, or u n l i k e l y to be 
of primary o r i g i n . Transparent s p h a l e r i t e , i n c o n t r a s t , mostly y i e l d e d 
good, primary, f l u i d i n c l u s i o n s . 
The f l u i d i n c l u s i o n s examined here were mainly aqueous i n c l u s i o n s 
c o n t a i n i n g ammobile vapour bubble, formed during cooling from the o r i g i n a l 
trapping temperature as a r e s u l t of thermal c o n t r a c t i o n of the host c r y s t a l 
and the trapped l i q u i d (Rankin, 1978). The vapour bubble i s u s u a l l y 
water vapour, although a d d i t i o n a l v o l a t i l e s such as CO are sometimes 
present; the CO appears b l a c k . The presence of CO has only been 
confirmed by h e a t i n g . Expansion of CO ( l i q u i d ) to a gas phase takes 
p l a c e r a p i d l y below 31°C on heating (Rankin, o p . c i t . ) , t h i s i s due to 
the high c o e f f i c i e n t of thermal expansion of l i q u i d CO^ which i s s e v e r a l 
times g r e a t e r than t h a t of water. I n c l u s i o n s containing CO^ are confined 
to the s p h a l e r i t e stockwork ore from the Harsit-Koprubasi mine. E n j o j i 
(1972) has i n d i c a t e d t h a t i n c l u s i o n s of t h i s type represent deposition 
from a gas phase, or from b o i l i n g f l u i d s . They are most probably primary 
because of t h e i r r a r i t y , and may thus represent a period of b o i l i n g of 
the ore f l u i d s during t h e i r a s c e n t. 
A s m a l l number of i n c l u s i o n s contain opaque ca p t i v e minerals s i m i l a r 
to those d e s c r i b e d by A k i n c i (1974). Although p o s i t i v e i d e n t i f i c a t i o n 
not 
of these minerals waslmade, A k i n c i ( o p . c i t . ) has i n d i c a t e d 
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th a t they are mainly p y r i t e and c h a l c o p y r i t e . No daughter s a l t 
m i n e r a l s have been observed i n any of the i n c l u s i o n s s t u d i e d . 
7.2.2. Experimental techniques 
I n order to estimate the homogenisation temperatures and the 
s a l i n i t i e s of the ore forming f l u i d s , d i s c - w a f e r s of 0.5 to 1mm t h i c k n e s s , 
p o l i s h e d on both s i d e s , were prepared from the ore and gangue minerals. 
o 
F l u i d i n c l u s i o n s trapped at temperatures g r e a t e r than about 70 C 
c o n t a i n a vapour bubble at room temperature (Roedder, 1967). The 
homogenisation technique thus e n t a i l s r e h e ating the host mineral and i t s 
i n c l u s i o n u n t i l the bubble j u s t diappears, and the i n c l u s i o n becomes 
a s i n g l e homogenous phase. 
Homogenisation temperatures were determined using a L e i t z , model 
350 microscope f i t t e d w ith a 30 ohm, micro-furnace heating stage. The 
microscope has both UM 20/0.35 and H32/0.60 o b j e c t i v e s and a lOX o c u l a r . 
The c u r r e n t supply i s regulated by a Rotary Regavolt r h e o s t a t . 
Temperatures are measured w i t h a chromel-alumel thermocouple read d i r e c t l y 
on a 5000 s e r i e s , Comark d i g i t a l thermometer. The thermocouple was 
c a l i b r a t e d by heating organic compounds of known melting points; they 
are l i s t e d i n Table 7.1. Heating r a t e s during homogenisation v a r i e d 
from 5 °C/min to l°C/min, as suggested by Smith (1974). R e p r o d u c i b i l i t y 
of both standards and unknowns i s b e t t e r than + 5°C. Some e r r o r , 
however, may be introduced due to the d i f f i c u l t y i n esti m a t i n g the 
homogenisation temperature i n i n c l u s i o n s where the bubble migrates to 
a darkened corner, thus obscuring the view. This problem was minimised 
by r e c o r d i n g homogenisation temperatures from s e v e r a l i n c l u s i o n s i n the 
same sample. The homogenisation temperature (Th) i s g e n e r a l l y l e s s 
than the true trapping temperature ( T t ) of the i n c l u s i o n s , r e q u i r i n g 
a c o r r e c t i o n f o r p r e s s u r e ( A t ) such t h a t = 
I n preceding s e c t i o n s evidence has been presented which i n d i c a t e s 
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Compound F r e e z i n g point ( C) 
n-Decane 
Qui n o l i n e 
B e n z o n i t r i l e 
Methylbenzoate 
Bromine 









Melting point (°C) 
Acetoxime 
Benzoic a c i d 
P - n i t r o a n i l i n e 
S u c c i n i c a c i d 
Anthracene 
Hexachlobenzene 










TABLE 7.1: Standards used f o r thermocouple c a l i b r a t i o n 
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t h a t sedimentation post dates the m i n e r a l i s a t i o n . The d i s t r i b u t i o n of 
the m i n e r a l i s a t i o n and i t s c l o s e a s s o c i a t i o n with the d a c i t i c - r h y o l i t i c 
l a v a , t u f f and b r e c c i a horizon has suggested that formation of the host 
rock and the m i n e r a l i s a t i o n are contemporaneous. The e f f e c t i v e pressure 
at the time of ore d e p o s i t i o n must be th e r e f o r e , the h y d r o s t a t i c pressure 
r e s u l t i n g from the water column o v e r l y i n g the host rock. The micro-
faunas found i n the r a d i o l a r i a n c h e r t s and mudstones of the sediments 
immediately o v e r l y i n g the host rock are p e l a g i c or semi-pelagic. They 
have been examined by Dr.A.T.S. Ramsay of Swansea U n i v e r s i t y who has 
i d e n t i f i e d the fauna as Upper M a e s t r i c h t i a n and suggested that they 
i n d i c a t e water depths i n excess of 700 m. 
The w e l l developed v e s i c u l a r i t y i n the underlying d a c i t e s , b a s a l t s 
and a n d e s i t e s of the Lower V o l c a n i c Cycle may suggest however that the 
h y d r o s t a t i c p r e s s u r e was s u f f i c i e n t l y low to allow escape of v o l a t i l e s . 
F u r t h e r i n d i r e c t evidence f o r water depth comes from the homogenisation 
temperatures and s a l i n i t i e s of the f l u i d i n c l u s i o n s . Data presented by 
Ridge (1974, F i g u r e 1) i n d i c a t e that a homogenisation temperature of 228°C 
coupled w i t h a s a l i n i t y of 5 wt% e q u i v a l e n t NaCl, the r e s p e c t i v e temperature 
and s a l i n i t y shown by the massive ore, r e q u i r e a confining pressure 
e q u i v a l e n t to at l e a s t 280 m of water i f b o i l i n g i s to be prevented. 
S i n c e there i s no evidence for b o i l i n g i n the massive ore, the water 
depth must have exceeded 280 m. The moderate water depths i n d i c a t e d 
suggest t h a t the d i r e c t measurements of homogenisation temperature (Th) 
may be c o n f i d e n t l y used without a pressure c o r r e c t i o n . With depths l e s s 
than 1000 m the c o r r e c t i o n i s u n l i k e l y to be s u b s t a n t i a l l y greater than 
the maximum a n a l y t i c a l e r r o r of + 5°C. 
Ore forming f l u i d s are known to be l a r g e l y NaCl brines (Helgeson, 
1964; Roedder,1972). I n such f l u i d s the lowering of the f r e e z i n g point 
i s p r o p o r t i o n a l to the s o l u t i o n c o n c e ntration (Yermakov,1965). The 
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s a l i n i t y of the f l u i d i n c l u s i o n s , i n terms of e q u i v a l e n t NaCl, can thus 
be found by measuring the depression of the f r e e z i n g point i n the system 
NaCl - H^O (Roedder,1962, Figure 4 ) . The temperature at which the l a s t 
i c e c r y s t a l i n an i n c l u s i o n remains i n e q u i l i b r i u m with the s o l u t i o n i s 
e q u i v a l e n t to the f r e e z i n g point of the s o l u t i o n . 
F r e e z i n g experiments were performed on a stage developed i n t h i s 
department by F.W.Smith and described i n d e t a i l by Smith (1973). Smith 
suggested the use of dry nitrogen, cooled by pa s s i n g through a copper 
c o i l immersed i n l i q u i d n i t r o g e n . I n t e r r u p t i o n i n the supply of dry, 
cooled n i t r o g e n was, however, found to take p l a c e . This r e s u l t e d from 
condensation of n i t r o g e n i n the copper c o i l . This e f f e c t was avoided 
by c o o l i n g the dry nitr o g e n i n a copper c o i l immersed i n l i q u i d a i r . 
Nitrogen cooled i n t h i s way was e q u a l l y e f f e c t i v e i n q u i c k l y producing 
o 
temperatures of -100 C. A rapid cooling r a t e was a l s o found to be 
u s e f u l i n overcoming m e t a s t a b i l i t y i n some i n c l u s i o n s . Roedder (1962) 
had p r e v i o u s l y noted that many i n c l u s i o n s i n s p h a l e r i t e , with a c t u a l 
o 
f r e e z i n g temperatures of about -3 C, would not fr e e z e even when held for 
an hour a t -35°C. 
F r e e z i n g temperatures were recorded as the point at which the l a s t 
i c e c r y s t a l d isappears during h e a t i n g of the supercooled i n c l u s i o n s 
(Rankin,1978). F r e e z i n g p o i n t s were recorded on a 5000 s e r i e s Coraark 
o 
thermometer, c a l i b r a t e d to 0.1 C and connected to a chromel-alumel 
thermocouple. The c a l i b r a t i o n s were made aga i n s t compounds of known 
f r e e z i n g temperatures, l i s t e d i n Table 7.1., p r e c i s i o n from duplicated 
o 
runs was b e t t e r than + 0.5 C. 
7,2.3 R e s u l t s and d i s c u s s i o n 
Measurements on primary f l u i d i n c l u s i o n s from quartz, s p h a l e r i t e 
and b a r i t e i n d i c a t e that ore d e p o s i t i o n took place over a wide range of 
temperatures, between 144°C and 298°C. The temperature measurements are 
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presented i n F i g u r e 7.1. 
Homogenisation temperatures from the lowermost stockwork ore, 
composed of p y r i t e - q u a r t z v e i n s , f a l l w i t h i n a narrow range, between 260°C 
and 298°C, with the mean value of 285°C. They have the highest values 
found w i t h i n the ore-bodies. The o v e r l y i n g stockwork s p h a l e r i t e , 
o c c u r r i n g beneath the massive black ore, has a mean temperature of 247°C, 
with a range from 230°C to 272°C. S p h a l e r i t e from the massive ore y i e l d s 
o 
a mean temperature of 228 C although b a r i t e from the same zone u s u a l l y 
has higher temperatures, averaging 249°C. This i s a s i m i l a r r e l a t i o n s h i p 
to t h a t obtained from i n c l u s i o n s i n the Kuroko and Bulancak d e p o s i t s . 
(Tokunaga and Honma ,1974; A k i n c i , 1 9 7 4 ) . The b a r i t i c zone, o v e r l y i n g 
the massive black ore, has y i e l d e d the lowest temperatures with an o v e r a l l 
o 
average of 175 C. 
o 
The temperature data i n d i c a t e a steep gradient of approximately 12 C/ 
10 m from the lower, q u a r t z - r i c h stockwork ore to the upper b a r i t i c zone. 
Smith and P h i l l i p s (1975) have shown that i n the Northern Pennine 
O r e f i e l d , although there i s some decrease i n temperature with depth, there 
was no o v e r a l l r e l a t i o n s h i p between temperature and depth, indeed some 
samples from the upper p a r t of the ve i n s showed higher temperatures than 
the same v e i n at depth. They suggested that the two p a r t s of the veins 
had been f i l l e d l a t e r a l l y from d i f f e r e n t f e e d e r s . 
An average temperature gradient of 3 to 5°C/10 m, o c c a s i o n a l l y r i s i n g 
to 7°C/10 m, has been observed i n hydrothermal deposits by Miyazawa (1967). 
These v a l u e s are s u b s t a n t i a l l y lower than those derived from the present 
study, although the v a r i a t i o n i n temperature resembles that i n Kuroko ore 
f l u i d s reported by Tokunaga and Honraa (1974) and Urabe and Sato (1978). 
A simple mechanism i n v o l v i n g i n t e r a c t i o n of hydrothermal ore f l u i d s 
w i t h the w a l l rock cannot adequately e x p l a i n the steepness of the observed 
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FIGURE 7.1: Homogenisation temperatures f o r massive sulphide deposits 
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F r e e z i n g point determinations vary between -1.2 and - 5.4°C, 
corresponding to s a l i n i t i e s of 2.2 and 8.6 wt% equivalent NaCl 
r e s p e c t i v e l y ( F i g . 7 . 2 ) . The v a r i a t i o n i n s a l i n i t y i s i r r e g u l a r and 
does not correspond w i t h any known f a c t o r such as temperature or depth. 
The data shown i n F i g u r e 7.2 i n d i c a t e that although some r e s u l t s are 
s i m i l a r to the s a l i n i t y of present-day sea-water, most samples, 
p a r t i c u l a r l y those from the stockwork s p h a l e r i t e and uppermost b a r i t e 
zones, have values which are s i g n i f i c a n t l y higher. They e x h i b i t 
s i m i l a r i t i e s to Kuroko ore f l u i d s whose s a l i n i t i e s are reported to mostly 
f a l l i n the range 2.1 and 8.4 wt% NaCl(Urabe and Sato,1978). They d i f f e r 
from the s a l i n i t i e s f o r the hydrothermal f l u i d r e s p o n s i b l e f o r c u p r i f e r o u s 
Cyprus ore deposits,' f o r which Spooner e t a l (1976) report the mean and 
s t a n d a r d d e v i a t i o n of 205 measurements of f l u i d i n c l u s i o n f r e e z i n g points 
to be -1.9 + 0.4°C. This value i s i d e n t i c a l to the f r e e z i n g point of 
-1.9°C f o r average sea-water and corresponds to a s a l i n i t y of 3.5 wt% 
e q u i v a l e n t NaCl. D i f f e r e n c e s between values derived from the present 
study and those f o r the P r o v i d e n c i a Pb-Zn deposit studied by Sawkins 
(1964), porphyry coppers (Roedder,1971) or M i s s i s s i p p i V a l l e y Type ore 
d e p o s i t s (White,1968) are more pronounced. I n the two former cases, 
the ore f l u i d s are of magmatic o r i g i n , c h a r a c t e r i s e d by high s a l i n i t y and 
high temperature, whereas the M i s s i s s i p p i V a l l e y Type deposits are of 
presumed connate o r i g i n and are c h a r a c t e r i s e d by f l u i d s of high s a l i n i t y 
and moderate to low temperature. 
From the chemistry of the ore body and i t s a s s o c i a t e d hydrothermal 
a l t e r a t i o n , a c o n t r i b u t i o n by magmatic f l u i d s i s thought to play an 
important p a r t i n the formation of the ores. I t i s thus necessary to 
e x p l a i n the low to moderate s a l i n i t i e s and temperatures. Changes i n 
s a l i n i t y , and p a r t i c u l a r l y Na/K r a t i o s , have been a t t r i b u t e d to various 



















1^ o > 
•H 
^^  









E O <^ «H 




















the involvement of connate water with the e v a p o r i t e s i n the formation 
of M i s s i s s i p p i V a l l e y Type d e p o s i t s . Such mechanisms however, cannot 
be a p p l i e d to the present d i s c u s s i o n as n e i t h e r e v a p o r i t e s nor s u i t a b l e 
s t r a t a c o n t a i n i n g connate water are present i n the region (Gattinger e t a l , 
1962; Goksu e t a l , 1974). 
I n r e c e n t years g e o l o g i c a l information on massive sulphide d e p o s i t s , 
combined w i t h a study of h y d r a u l i c s has demonstrated the importance of 
c o n v e c t i v e sub-surface flow ( E l l i s , 1 9 6 7 ; C o r l i s s , 1 9 7 1 ; Solomon, 1976 
and Solomon and Walshe, i n p r i n t ) . Massive s u l p h i d e d e p o s i t s appears to 
be formed mainly i n marine environments (Anderson,1969) and thus the 
mechanism suggested by C o r l i s s (1971) i n d i c a t e s that the o r e - f l u i d s may 
w e l l be evolved sea-water. As t h i s sea-water comes i n t o contact with 
rocks and perhaps a l s o mixes w i t h r e s i d u a l magmatic components i t gains 
heat. C o r l i s s (1971, p.8134) s t a t e s that "the temperature gradients 
so e s t a b l i s h e d d r i v e a convective flow i n the v e r t i c a l f r a c t u r e s which 
brings f r e s h sea-water i n t o contact w i t h the rocks and allows these s o l u t i o n s 
to e n t e r the deep marine environments as submarine hot s p r i n g s " . Kajiwara 
(1973) and Ohmoto and Rye (1974) have a l s o demonstrated that sea-water i s 
the most l i k e l y source f o r Kuroko ore f l u i d s , as w e l l as for the f l u i d s 
r e s p o n s i b l e f o r the Cyprus ores (Spooner, e t a l , 1976). 
With the information c u r r e n t l y a v a i l a b l e the source of the ore 
f l u i d s i s somewhat s p e c u l a t i v e . The e x t e n s i v e a r g i l l i z a t i o n and the 
s i l i c i f i c a t i o n of the host rock, immediately surrounding the ore body 
are not, i n themselves, evidence for magmatic o r e - f l u i d s . The 
abundance of Pb, however, and p a r t i c u l a r l y the Co/Ni r a t i o s and Se 
contents of the stockwork ore (Chapter 6) do lend more credence to a 
magmatic c o n t r i b u t i o n . S i n c e the m i n e r a l i s a t i o n i s always a s s o c i a t e d 
w i t h a t h i c k , submarine p y r o c l a s t i c p i l e , i t i s a l s o important to 
c o n s i d e r the e f f e c t s of sub-surface convective c e l l s derived i n p a r t 
-158-
at l e a s t , from the hot magmatic l i q u i d s which form the r h y o l i t e s and 
p y r o c l a s t i c s . I n j e c t i o n of hot magmatic l i q u i d s under the sea bed 
would e s t a b l i s h c o n v e c t i v e c i r c u l a t i o n i n sea-water trapped w i t h i n the 
p y r o c l a s t i c s . The water would tend to be d r i v e n upwards and avay from 
the hot r h y o l i t e s e s t a b l i s h i n g c onvective c i r c u l a t i o n i n the o v e r l y i n g 
and surrounding p y r o c l a s t i c s , the magmatic water mixing with the sea-
water. 
Barnes and Czamanski (1967), White (1968), Ridge (1973, 1974) have 
concluded t h a t ascending s o l u t i o n s must e s s e n t i a l l y behave as a l i q u i d 
i f they are to form a major ore-body. Ridge (1973) has shown that 
above c e r t a i n temperatures s o l u t i o n s cannot reach the s e a - f l o o r unless 
the depth of sea-water i s s u f f i c i e n t to keep them i n the l i q u i d s t a t e . 
I f not the s o l u t i o n s would b o i l at some app r e c i a b l e depth beneath the 
s e a - f l o o r . Ridge s t a t e s that "such b o i l i n g would r e s u l t i n the 
p r e c i p i t a t i o n of a l l c o n s t i t u e n t s of the ore f l u i d s of s i g n i f i c a n t l y lower 
vapour p r e s s u r e than water. The p r i n c i p a l such c o n s t i t u e n t would be 
s a l t and no sulphide d e p o s i t i o n " . Geological and chemical data 
presented above suggest that the massive ore formed at or near the sea-
f l o o r implying minimum water depths of at l e a s t 280 m as d i s c u s s e d p r e v i o u s l y . 
I t i s perhaps more important to consider the changes which would 
occur due to the i n t e r a c t i o n of the ascending hot magmatic f l u i d s with 
the sea-water. A f i r s t consequence would be a steep temperature gradient, 
emphasised and s t a b i l i z e d by the convective c e l l . Mixing would a l s o 
produce i n t e r m e d i a t e s a l i n i t i e s , higher than those of sea-water, but 
lower than f o r t y p i c a l magmatic ore f l u i d s . The change i n oxidation 
s t a t e of the ore f l u i d s , n e c e s s a r y to form the colloform t e x t u r e s i n 
the massive ore and supported by the presence of manganese oxides and 
h e m a t i t i c beds o v e r l y i n g the l a t t e r , might a l s o r e s u l t from an i n c r e a s i n g 
content of sea-water i n the ore f l u i d w i t h i n the r i s i n g column of the 
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c o n v e c t i v e c e l l . The involvement of sea-water during the formation of 
massive ore i s f u r t h e r supported by the Se content and Co/Ni r a t i o s 
of the co l l o f o r r a p y r i t e . The v i r t u a l absence of Se, whose a f f i n i t y i s 
s t r i c t l y magmatic (Stanton,1972), and the decrease i n the Co/Ni r a t i o s 
towards the massive ore (Chaper 6 ) , s t r o n g l y support a c o n t r i b u t i o n from 
sea-water. 
As demonstrated above the temperature of the ore body i n c r e a s e s 
downwards, re a c h i n g a maximum i n the lower q u a r t z - p y r i t e stockwork ore. 
S i n c e the h y d r o s t a t i c p r e s s u r e of the o v e r l y i n g water column remains the 
same, the r i s e i n the temperature might r e s u l t i n some b o i l i n g during 
formation of the stockwork ore. This i s b e l i e v e d to happen f o r a short 
period of time because of the l i m i t e d d i s t r i b u t i o n of the CO^ r i c h i n c l u s i o n s . 
According to Ridge (1973, p.348) the f i r s t minerals to p r e c i p i t a t e during 
b o i l i n g would be those low vapour pressure c o n s t i t u e n t s of the f l u i d , 
a l r e a d y near to t h e i r l i m i t of s o l u b i l i t y , mainly the s u l p h i d e s . Ridge 
s t a t e s t h a t "such s u l p h i d e s might s u f f i c i e n t l y f i l l the openings i n the 
rock through which the f l u i d was moving to r a i s e the c o n f i n i n g pressure 
above the s o l u t i o n p r e s s u r e and thus to stop b o i l i n g of the ore f l u i d 
before i t had become s a t u r a t e d w i t h s a l t " . The homogenisation temperatures 
of the stockwork ore would r e q u i r e a water column of approximately 750 m 
to prevent b o i l i n g (Ridge 1974). Faunal evidence, presented above, 
supports water depths of t h i s magnitude but a f u r t h e r c o n t r i b u t i o n would 
r e s u l t from the l i t h o s t a t i c pressure of the p y r o c l a s t i c s . This would be 
equal to 2.7 times the h y d r o s t a t i c p r e s s u r e of an equivalent column of 
water (Rankin,1978). A s i g n i f i c a n t degree of b o i l i n g would thus be 
u n l i k e l y even i n the lowermost stockwork zone. 
7.3 Wall rock a l t e r a t i o n 
7.3.1 I n t r o d u c t i o n 
Wall rock a l t e r a t i o n develops as a r e s u l t of i n t e r a c t i o n between the 
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ore forming s o l u t i o n s and the host rock. Thus host rock composition, 
the i n i t i a l composition of the ascending hydrothermal s o l u t i o n s , t h e i r 
mixing w i t h the sea-water and t h e i r temperature and s a l i n i t y are 
important f a c t o r s c o n t r o l l i n g the nature of the hydrothermal a l t e r a t i o n . 
Wall rock a l t e r a t i o n p a t t e r n s are commonly used i n ore prospecting. 
Th i s i s p a r t i c u l a r l y e x e m p l i f i e d i n s t u d i e s of porphyry-type deposits 
(e.g. Creasey,1959; L o w e l l and G u i l b e r t , 1 9 7 0 ) . Wall rock s t u d i e s are 
s c a r c e from the e a s t e r n P o n t i d s . They are b r i e f l y described, for the 
Lahanos area, by Tugal (1969) and i n more d e t a i l by Cagatay (1977) f o r 
the Madenkoy/Cayeli d e p o s i t . The r e s u l t s obtained i n t h i s study are 
c l o s e l y s i m i l a r to those reported by Tugal and Cagatay. 
Mineral s p e c i e s r e s u l t i n g from hydrothermal a l t e r a t i o n were determined 
by X-ray d i f f r a c t i o n a n a l y s e s , u s i n g a P h i l l i p s X-ray d i f f r a c t o m e t e r . 
Minerals have been i d e n t i f i e d from t h e i r c h a r a c t e r i s t i c r e f l e c t i o n s 
( T a b l e s 7,2, 7.3) f o l l o w i n g techniques o u t l i n e d by Thorez (1975,1976), 
i n c l u d i n g examination a f t e r heat treatment and g l y c o l a t i o n . R e f l e c t i o n 
i n t e n s i t i e s have been used as a s e m i - q u a n t i a t i v e measure of r e l a t i v e abundances, 
Meyer and Hemley (1967) have shown that hydrothermal a l t e r a t i o n i s p r i m a r i l y 
a metasomatic process i n v o l v i n g changes i n rocks and mineral composition. 
Consequently the a l t e r e d w a l l - r o c k s have been chemically analysed by X-ray 
f l u o r e s c e n c e methods. The r e s u l t s of the t y p i c a l a l t e r a t i o n products are 
presented i n Table 7.4, 
7.3.2 Hydrotherraal a l t e r a t i o n p a t t e r n s 
The a l t e r a t i o n p a t t e r n s obtained from both the Harsit-Koprubasi and 
Harkkoy mines, and other mineral occurrences studied i n l e s s d e t a i l , 
e x h i b i t s i m i l a r c h a r a c t e r i s t i c s . I n d i v i d u a l occurrences therefore are 
not considered i n the t e x t . 
D i s t i n c t i o n between hydrothermal a l t e r a t i o n and weathering must be 
made s i n c e the l a t t e r i s widespread i n the a r e a . Generally, the co-existence 
of s u l p h i d e m i n e r a l i s a t i o n and e x t e n s i v e a l t e r a t i o n i n many types of ore-
K a o l i n i t e * 
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D i c k i t e * K a o l i n i t e D i c k i t e 
H24-133m HRK 14-103m 
d°A , I d°A I d°A I d°A I 
7.15 10 7.16 10 7.19 10 : ,7.;i6 10 






4.35 6 4.37 4 4.37 5 4.36 2.5 
4.17 6 4.27 3 4.17 4 4.29 0.5 
4.12 3 4.13 7 - 4.11 3 
3.84 4 3.95 2 3.86 3 3.96 1.5 
3.73 2 3.795 6 3.71 3 3.79 5 
3.56 10 3.587 10 3.58 10 3.58 9 
3.36 4 3.427 3 3.35 6 3.43 1 
3.138 2 3.272 2 - -
3.019 2 3.101 
2.938 
2 
2 2.95 1 
2.748 2 2.794 2 2.74 2 2.83 2 
2.553 8 2.560 4 2.55 6 2.56 5 
2.521 4 2.51 5 2.52 1.5 2.507 .5 
2.486 9 2.49 7 2.458 1 
2.374 7 2.40 1 2.38 6 2.395 3 
2', 331 10 2.322 9 2.34 9 2.324 7 
2.284 9 2.29 7 2.243 0.5 
2.182 3 2.122 2 2.20 4 2.194 1.5 
2.127 2 - 2.038 0.5 
1.985 7. 1.975 5 1.98 4 1.973 3 
1.935 4 1.937 1 - -
1.892 2 1.898 2 - -
1.835 4 1.82 4 -
1.809 2 1.805 1 1.80 3 1.79 2 
1.778 5 1.785 1 - -
1.682 2 1.686 1 - -
1.659 8 1.652 5 1.66 6 1.652 4 
1.616 6 1.613 1 -
1.581 4 1.586 1 
1.539 5 1.555 4 1.54 4 
1.486 9 1.489 5 1.49 8 
* Data from: D o u i l l e t and N i c o l a s (1969) 
TABLE 7.2: Comparative data f o r the k a o l i n i t e group minerals 
lO 00 CO -162-
B 
.~ O e 
CO 
CO 
00 00 CO in 











OJ CO 05 CO to 


























CD 00 in O O 
rH 
CO 
in H O 05 rH l> CD o o t> CM iH CD l> in i> CO CM 05 in 
05 CD in co CO CO CM CM 
r-t 
in 05 05 in in 00 CM o 05 o CO 
o o O rH 
rH 
CO 
O rH 05 CO in 
CD l> 00 05 CO CM CM 



































u o s 























CO 'd' CO CO CM 
CO 
05 
CD o in 
Tt< CO CO CO CM CM 
05 
CM (M 
O CD 00 CM H H CO H CO in CM CM l-H rH 
in CO 
O rH O l> O O CM 00 O CD o o oo O O lO O in CO O in in CM in CM CM 




































































6 I ^ 
in 
a O 
•H -P H 
0) Q) +) w 
H V) 
i n r- CTi O CM n 
>X) ro <n CM 0^ CN o H O 
CO 
H H H o O H H H O O O O 
H 
O CO n O CM i-H h " CM 
< H CM 00 rH O O O O. o 
CTi n CM in H o O O O O O 
CM in CM 
in in O O H in <n H «* rH C>) en in 10 O o CM o o 
CO H CM H o H H o o o in <-i H 
in CN) O CM g in o PI CM 
r~ 
in CM 
H CM c H O 
CO 
o 
o o ID cn CO CO CM 
in o CO O I-) O 
H H O o O o 
in (N 
B H in H o o 
1 in O CO O o o 
CN 




t-l n O CM CM 
VD O O CM rH 





CM CM 00 CN 
CM ID in n 
O 
n n 
( N O O 
O CM CM O 
•rl H Q) Di 
CO n; fa S 
O CM 
CM O O O 
f8 CM -H C 




in CM H H O CO n 




CM H H O H 







CM cn ro 00 cn CM CO r- in CM 
VD in r-- H rH Cvj CO CM CM D^ 




O O O 
3 II II -P 
g -n 00 
0) H 
ro W H -rl •- . I +J Q) 
^ -H +J 




<D +J II 
•rl H g O CO 











+J CM H 
rd • <« C -P MH 
-a II 0) -p U) 
0^ •H 0) in c •p •iH •rl 
ro H H in 0 H 
. rd •rl 
t*. A! 
II (1) 
c •P 'C g •rl a U 
CM 0 
1 rH 
• H u 
rd II -P 
<U H 
•p • C 
•H g 
Di 0 M H 
— 0 
4) -P » 

























•H ItH H 0 H -P H 
0) II -P 
•H 
g C 




depositHhas long been s u f f i c i e n t i n i t s e l f to suggest a possible genetic 
connection-(cf.Meyer and Hemley,1967). I n the Harsit-Koprubasi mine, 
f o r example, the occurrence of e x t e n s i v e l y a l t e r e d host-rock alongside 
v i r t u a l l y f r e s h rhyodacite suggests t h a t the a l t e r a t i o n i s hypogene. 
The presence of minerals such as d i c k i t e i s also now established as 
i n d i c a t i v e of a hypogene o r i g i n (Deer et al,1962), while i t i s also 
believed t h a t m o n t m o r i l l o n i t e cannot form by f u r t h e r weathering of rocks 
which have already been k a o l i n i s e d or s e r i c i t i s e d during weathering since 
i t s formation requires some Mg. 
Meyer and Hemley (1967) have proposed a c l a s s i f i c a t i o n of w a l l rock 
a l t e r a t i o n i n order of roughly decreasing hydrogen metasomotism. Their 
data i s based on examples from worked ore-deposits. I t i s evident t h a t 
the most important chemical change ta k i n g place i n the hydrotherraal s o l u t i o n 
r e l a t e s t o the U^/OU balance (Ibi d , p . 1 7 1 ) . Their c l a s s i f i c a t i o n i s as 
f o l l o w s : 
a. Advanced a r g i l l i c 
b. S e r i c i t i c 
c. Intermediate a r g i l l i c 
d. P r o p y l i t i c 
e. Potassium s i l i c a t e a l t e r a t i o n 
Adopting the above framework, the w a l l rock a l t e r a t i o n shown by the ore 
deposits of the northern H a r s i t r i v e r area may be subdivided i n t o the 
f o l l o w i n g assemblages: 
I . Advanced a r g i l l i c a l t e r a t i o n ; Dickite-t-kaolinite-Hferroan dolomite-i-
s i d e r i t e + s e r i c i t e + quartz 
I I . S e r i c i t i c a l t e r a t i o n and s i l i c i f i c a t i o n ; S e r i c i t e - f - q u a r t z + i l l i t e 
+ k a o l i n i t e 
I I I . Intermediate a r g i l l i c a l t e r a t i o n : I l l i t e - i - raontraoriHonite+ c h l o r i t e 
+ quartz + k a o l i n i t e 
IV. M o n t m o r i l l o n i t e - z e o l i t e a l t e r a t i o n : montmorillonite-i-mordenite 
+ c h l o r i t e 
The term "assemblage" i s used i n the sense of Meyer and Hemley (1967), 
r e f e r r i n g t o a s p e c i f i c and u s u a l l y c h a r a c t e r i s t i c observed mineral association; 
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e q u i l i b r i u r a between the species i s not necessarily i m p l i e d . As seen from 
the above c l a s s i f i c a t i o n , k a o l i n i t e i s present i n assemblages I , I I and I I I . 
Since i t can only form i n acid c o n d i t i o n s , compared to montmorillonite 
which r e q u i r e s an a l k a l i n e environment (Deer et al,1962), e q u i l i b r i u m 
between the two minerals cannot be att a i n e d from the same f l u i d s under 
the same physico-chemical c o n d i t i o n s . Some of the k a o l i n i t e i s undoubtedly 
a supergene weathering product, the common weathering of the acid volcanic 
rocks i n the regions being superimposed on the hydrothermal a l t e r a t i o n 
p a t t e r n . 
Figure 7.3 shows the surface expression of the a l t e r a t i o n halos, based 
on study of Harsit-Koprubasi mine area. The inner zone, i n the 
immediate v i c i n i t y o f the ore body, i s characterised by dominance of 
s e r i c i t e * and quartz. This i s succeeded outwards by a zone i n which 
i l l i t e * becomes the dominant species, u s u a l l y accompanied by montmorillonite, 
quartz; c h l o r i t e and/or k a o l i n i t e may also be present. Montmorillonite 
and mordenite characterise the inner and outer parts of zone IV re s p e c t i v e l y , 
together c o n s i t u t i n g the outermost p a r t of the a l t e r a t i o n halo. Mordenite 
i n p a r t i c u l a r only occurs some 500 m SWW of the ore-body as shown i n the 
i n s e t on Figure 7.3, 
Figure 7.4 shows the v e r t i c a l change i n the a l t e r a t i o n products, based 
on the borehole-core data and a v a i l a b l e surface samples. Assemblages I I 
and I I I are e s s e n t i a l l y the same as those observed i n surface samples 
shown i n Figure 7.3. Assemblage I i s in t e r c e p t e d i n some of the deeper 
l e v e l s of the borehole cores. I t i s characterised by the occurrence of 
s u b s t a n t i a l d i c k i t e , f e r r o a n dolomite and s i d e r i t e . Assemblage IV, as 
shown i n Figure 7.4. i s only represented by the m o n t m o r i l l o n i t e - r i c h 
assemblage. 
* S e r i c i t e i s used here to i n d i c a t e clay minerals w i t h sharp basal r e f l e c t i o n s 
at about 10°A, 5°A, 3.33°A, 2.50°A and 2°A. I l l i t e , however, gives asymmetric 
basal r e f l e c t i o n s notably broadened and/or displaced compared to s e r i c i t e and 
suggesting the presence of expandable mixed l a y e r i n g according to Suda et a l 
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The a l t e r a t i o n halos described above are present, i n p a r t , i n the 
v i c i n i t y o f the Harkkoy mine and Ketencukuru. Only assemblages I , I I ' 
and I I I are present. The absence of assemblage IV may be due t o the 
l i m i t e d surface outcrops r e s u l t i n g i n f a i l u r e t o i d e n t i f y i t s presence. 
7.3.3 Discussion 
A d i s t i n c t i v e feature of massive sulphide deposits i s t h e i r 
a s s o c i a t i o n w i t h submarine volcanics. Wall rock a l t e r a t i o n from separate 
deposits show common c h a r a c t e r t i s t i c s . Rocks above the ore bodies show 
l i t t l e or no a l t e r a t i o n , whereas rocks underlying and enclosing the 
deposits are exensively a l t e r e d , u s u a l l y forming w e l l developed halos. 
The s i z e of such halos may extend to 1200 m l a t e r a l l y at the same s t r a t i -
graphic horizon, and up t o 450 m below the ore, as observed i n the 
Brunswick No:12 deposit, i n Canada (Goodfellow,1975; Govett and Goodfellow, 
1975). S i m i l a r r e s u l t s have been obtained from the Japanese Kuroko 
deposits w i t h 2000 m o f l a t e r a l a l t e r a t i o n being accompanied by approximately 
600 m i n the v e r t i c a l sense, (Utada et al,1974). Data obtained from 
the Pontid deposits, f o r example at Cayeli (Cagatay,1977), and i n the 
study area, have y i e l d e d halos of smaller dimensions. This may be due, 
i n p a r t , to the lack of widespread d r i l l i n g and perhaps more s i g n i f i c a n t l y 
t o the l i m i t e d exposures of the host rock. 
Although the size of the a l t e r a t i o n halos of the Canadian" and 
Japanese deposits are s i m i l a r . Sangster (1962) f i r s t noted the d i f f e r e n c e 
between the a l t e r a t i o n products of the respective deposits. Footwall 
a l t e r a t i o n i n the Canadian deposits i s predominantly characterised by Mg 
metasomatism ( C h l o r i t i s a t i o n ) , whereas i n most Kuroko deposits the 
f o o t w a l l i s s i l i c i f i e d and s e r i c i t i z e d (Lambert and Sato,1974). I n t h i s 
respect the Kuroko deposits are s i m i l a r to the deposits from the eastern 
Pontids. Because the rocks and ore i n the two types of deposits are 
separated by about 300 b.y., Sangster (1972) suggested t h a t the 
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d i f f e r e n c e was r e l a t e d t o "fundamental and long terra changes i n earth 
chemistry whereby volcanic r e l a t e d hydrothermal s o l u t i o n s may have 
changed i n time". Large (1977,p.570), however, proposed an a l t e r n a t i v e 
e x p l a n a t i o n , t h a t the observed d i f f e r e n c e s are a fu n c t i o n of differences 
i n evolved sea-water chemistry during r e c y c l i n g i n basic and f e l s i c 
v o l c a n i c rocks. The former would probably generate evolved sea-water 
s o l u t i o n s enriched i n Mg**, Fe** and Ca^^ w i t h lesser amounts of and 
4+ 
Si , whereas r e c y l i n g i n f e l s i c volcanic rocks would probably generate 
+ 4-t-
evolved sea-water s o l u t i o n s enriched i n K and Si but generally depleted 
++ -t-t-
i n Mg and Ca . AltBiough such a d i f f e r e n c e would probably arise from 
sea-water recycled i n mafic and f e l s i c volcanic rocks, there i s no 
appreciable d i f f e r e n c e between the host rocks i n Canada and Japan. 
S i n c l a i r (1971) noted t h a t "the massive sulphide deposits c h a r a c t e r i s t i c 
of the Noranda area occur predominantly i n the f e l s i c volcanics", t h i s 
being analogous to t h e i r Japanese and Pontid counterparts. 
The data shown i n Table 7.4, and presented by Egin e t a l ( i n p r i n t ) , 
c l e a r l y demonstrate t h a t n e i t h e r the volcanic rocks i n general, nor those 
i n the a l t e r a t i o n halo i n p a r t i c u l a r , are depleted i n Mg^^, i n f a c t there 
i s an increase i n the MgO content of the p y r o c l a s t i c s i n the halo zone, 
p a r t i c u l a r l y i n the i l l i t e and montmo r i l l o n i t e dominated assemblages I I I 
and IV. During e v o l u t i o n of the hydrothermal system Mg"*"^  leaching of 
the v o l c a n i c rocks thus does not seem t o have been an operative mechanism. 
Table 7.4 suggests t h a t Ca^^ and Na^ are s t r o n g l y depleted i n the halo 
zone w h i l e K^, Mg^^ and probably A l ^ ^ are enriched r e l a t i v e t o surrounding 
rocks of the same bulk petrography. Table 7.4 also shows t h a t Mg^^, 
++ + + Ca and po s s i b l y Na increase, while K decreases outwards from the ore 
body, i n assemblages I t o IV. I t i s thus evident t h a t f i x a t i o n o f Mg"*"*" 
i n t o m o n t m o r i l l o n i t e , i l l i t e (and c h l o r i t e ) took place i n the outermost 
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p a r t of the halo where sea-water was probably the dominant m i n e r a l i s i n g 
agent. The Mg^^ was probably thus derived from c i r c u l a t i n g sea-water, 
under favourable pH c o n d i t i o n s . I n contrast the d e f i c i e n c y of K^ i n these 
assemblages and i t s enrichment i n the inner s e r i c i t e zone implies t h a t K 
was supplied from the ascending magmatic hydrothermal s o l u t i o n s . Na^ 
and Ca^^ were leached by the c i r c u l a t i n g sea-water and/or ascending 
hydrothermal s o l u t i o n s , and f i x e d i n t o mordenite and Na-montmorillonite, 
and gypsum, dolomite(and a n k e r i t e ) r e s p e c t i v e l y . The occurrence of gypsum 
towards the base of the stockwork zone i s i n t e r e s t i n g . This occurrence 
could r e s u l t from a decrease i n CaSO^ s o l u b i l i t y r e s u l t i n g from increase 
i n temperature i n the descending p a r t of a convective c e l l . CaSO^ 
s o l u b i l i t y has been shown t o decrease w i t h increase i n temperature of the 
s o l u t i o n , by Blount and Dickson (1973). 
F i e l d s of formation of the a l t e r a t i o n products, together w i t h various 
sulphide assemblages, are given by Meyer and Hemley (1967, p.220). The 
s t a b i l i t y f i e l d s of the observed a l t e r a t i o n products are w e l l w i t h i n the 
temperature ranges obtained by the f l u i d i n c l u s i o n study. The s t a b i l i t y 
f i e l d s are, however, s t r o n g l y dependant on the pH of the s o l u t i o n from 
which they formed, thus assemblages should y i e l d valuable info r m a t i o n on 
the pH o f the d e p o s i t i o n a l environment. 
The formation of k a o l i n i t e and i l l i t e / s e r i c i t e i n the same assemblage 
g e n e r a l l y requires moderately high temperatures of 250°C t o 350°C and 
acid c o n d i t i o n s w i t h a pH of 3 t o 5 (Cagatay,1977). Utada et a l (1974) 
suggest t h a t s e r i c i t e can form under less acid conditions, between pH 
5.2 and 6.1, but t h a t s l i g h t l y a l k a l i n e t o a l k a l i n e conditions, coupled 
w i t h a low temperature are required f o r the formation of montmorillonite 
(pH 8.8 t o 8.9) and mordenite (pH 8.3 t o 9.5). I t i s also necessary to 
have s u f f i c i e n t Mg^^ and a low K^ content to form montmorillonites 
(Deer e t al,1972). 
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The a l t e r a t i o n halbs shown i n Figure 7.4 c l e a r l y demonstrate the 
outwards progression from assemblage I through t o assemblage IV. 
Figure 7.1 shows a decrease i n temperature i n the same d i r e c t i o n . A 
combination of t h i s data and the chemical v a r i a t i o n given above suggest 
t h a t assemblages I and I I were formed by the i n t e r a c t i o n of hydrothermal 
s o l u t i o n s w i t h the volcanics i n the lowermost p a r t of the p y r o c l a s t i c 
p i l e , where the c i r c u l a t i o n of sea-water was l i m i t e d . Upwards and 
outwards however, the pH of the s o l u t i o n s increased and the temperature 
decreased through i n t e r a c t i o n w i t h sea-water. These conditions favoured 
the f ormation of i l l i t e , m o n t m o r i l l o n i t e and mordenite, the process being 
"I* 
accompanied by an increase i n Mg and decrease i n K . Figure 7.5 attempts 
t o summarise the v a r i a t i o n i n diagrammatic form. 
The ore f l u i d s responsible f o r m i n e r a l i s a t i o n i n the study area are 
thought t o be a mixture of magmatic water and sea-water. The magmatic 
f l u i d s are epigenetic r e l a t i v e t o the host rock p y r o c l a s t i c s although both 
were p o s s i b l y derived from the same source and are cl o s e l y r e l a t e d t o the 
r h y o l i t e s . 
The major physico-chemical changes occurring during the ore deposition 
are a decrease i n temperature and an increase i n the pH and i n the 
o x i d a t i o n s t a t e of the ore forming s o l u t i o n s . 
Thus, once again, support i s given t o the statement made by \Vhite 
(1968,p.701); "Most ore deposits are formed by complex rather than by 
simple end-member processes; the water, the dissolved s a l t s , metals, 
sulphides and other c r i t i c a l c o n s t i t u e n t s of each deposit may be derived 
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8.1 I n t r o d u c t i o n 
Volcanogenic sulphide deposits may be simply defined as a genetic 
class c l o s e l y r e l a t e d t o volcanism and volcanic processes. A pronounced 
c h a r a c t e r i s t i c of the strata-bound, massive ore bodies i s t h e i r association 
w i t h s p e c i f i c horizons of the volcanic cycle. As a consequence of t h i s , 
and the shallow d i p of the volcanics, the ore bodies u s u a l l y do not have 
a surface outcrop and may be termed " b l i n d ores". 
Deposits of t h i s k i n d , which occur i n both the older and recent 
v o l c a n i c t e r r a i n s of the world, are important producers of base and 
precious metals. For example, of the t o t a l Canadian metal production 
i n 1971, 80% of the Zn, 39% of the Cu, 68% of the Pb and 62% of the Ag 
together w i t h s i g n i f i c a n t amounts of Au, came from t h i s type of mineralisa-
t i o n (Sangster and Scott,1976). Vokes (1976) reported t h a t the Caledonian 
massive sulphide deposits play an important p a r t i n the Norwegian metal 
mining i n d u s t r y . The younger volcanogenic deposits which occur i n 
Turkey and Japan also supply s u b s t a n t i a l amounts of the t o t a l domestic 
metals production of these c o u n t r i e s . I n Turkey most of the Cu, Pb, 
Zn, Ag and Au come from the Murgul, Ergani, Kure and Lahanos deposits, 
whereas i n Japan, i n 1972, Kuroko deposits supplied approximately 45% of 
Japan's domestic production of Cu, 26% of i t s Zn, 33% of i t s Pb, 31% of 
i t s Ag and 20% of i t s Au (Lambert and Sato,1974). 
Despite the importance of the deposits, applied geochemistry has 
played only a r e l a t i v e l y minor r o l e i n e x p l o r a t i o n . Cameron (1975) 
considers t h a t there are two reasons f o r t h i s . The f i r s t i s tha t the 
ore bodies are small and dispersed m i n e r a l i s a t i o n of the host rock i s not 
extensive. Thus the e x p l o r a t i o n t a r g e t i s r e l a t i v e l y small. Secondly, 
i n the area of Canada considered by Cameron, the volcanics are covered, i n 
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many places, by t h i c k , impermeable g l a c i a l sediments. I n Turkey and 
Japan the ore bodies and the productive horizons, are o v e r l a i n by t h i c k 
volcano-sedimentary formations. 
8.2 Geochemical e x p l o r a t i o n f o r massive sulphide deposits 
U n t i l r e c e n t l y e x p l o r a t i o n f o r t h i s type of deposit was mostly based 
on "the t r a c i n g of the horizon bed" (Maruyama,1967), i n conjunction w i t h 
advanced d r i l l i n g methods. I n Japan, mining companies have d r i l l e d a 
t o t a l of 125 miles of e x p l o r a t i o n holes per year i n the Hokuroko d i s t r i c t , 
w i t h another 20,000 metres being d r i l l e d by the Geological Survey of 
Japan f o r the purpose of c l a r i f y i n g g e o l ogical s t r u c t u r e s (Maruyama,1967). 
I n the l a s t one or two decades, as a r e s u l t of d e t a i l e d studies of 
primary geochemical halos, c e r t a i n elements have been found to be useful 
p a t h f i n d e r s or geochemical i n d i c a t o r s of b l i n d , massive sulphide deposits. 
Ovchinnikov and Baranov (1971) have shown t h a t the p o l y m e t a l l i c 
Rudnyy A l t a y and northern Armenia deposits are characterised by the 
presence of Zn, Pb, Ba and Ag as t y p i c a l i n d i c a t o r s i n the overburden. 
Co, Mo and Bi are conversely found t o be t y p i c a l l y enriched i n zones 
un d e r l y i n g the ores. 
A lithogeochemical survey of the acid, porphyry rocks of the 
Proterozoic Bear Province, Canada, undertaken by Garrett (1975), showed 
t h a t the d i s t r i b u t i o n p a t t e r n of Cu and Zn was r e l a t e d to known mineral 
occurrences. A d d i t i o n a l areas of anomalous metal concentrations are 
p o s s i b l y r e l a t e d t o as yet undiscovered mineral occurrences. The study 
of Cameron (1975), i n the Canadian Shield, revealed t h a t the S content 
of i n t e r m e d i a t e and a c i d i c volcanic rocks associated w i t h massive sulphides 
i s s i g n i f i c a n t l y higher than f o r barren sequences. There i s also a 
s l i g h t t o moderate increase i n the Zn content of volcanic rocks hosting 
the Zn-Cu type of massive sulphide ore deposit. Goodfellow (1975) has 
studied the Brunswick No.12 deposit i n Canada and demonstrated that Mn, 
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Mg and Fe markedly increase, while Ca and Na decrease, i n the i n t e n s e l y 
a l t e r e d zone immediately adjacent t o the m i n e r a l i s a t i o n . Mg and Fe were, 
f u r t h e r , found to increase and Ca to decrease i n the geochemical halo 
zone which extends some 1500 f t below the deposit and 1500 f t l a t e r a l l y , 
both t o the n o r t h and south. 
The d i s t r i b u t i o n of minor elements i n some a l t e r e d zones of 
Japanese Kuroko deposits, has l e d Ishikawa et a l (1962) t o conclude t h a t 
Ag, Cu, N i , Ba, Cr, V, Co and Pb decrease r e g u l a r l y w i t h distance from 
the ore body and may e f f i c i e n t l y be used as geochemical i n d i c a t o r elements. 
The primary d i s p e r s i o n of Mn, Zn, Pb, Ag, V, Co, Ba, B i , Mo and Ni i n the 
t u f f s and of Mn, N i , Zn, V, Mo and Co i n d o l e r i t e o v e r l y i n g the Shakanai 
massive ore i s also w e l l established by Shiikawa and Tono (1972). Data 
from the Matsumine and Fukuzawa mines i n A k i t a prefecture has revealed 
t h a t Ag and Mo decrease g r a d u a l l y w i t h distance from the ore zone. Ba i s 
not only high i n the main ore zone but also i n the ov e r l y i n g l i t h i c t u f f 
where i t i s accompanied by Fe. The Fe enrichment was assumed t o be due 
to p y r i t e m i n e r a l i s a t i o n (Shiikawa e t al,1975. Figure 8 ) . Enrichment 
of Zn, Cu and Pb i s also pronounced i n the host rock immediately o v e r l y i n g 
the massive ore. 
An e a r l y , applied geochemical study i n the eastern Bontids was the 
geobotanical survey conducted by Pollak (1962 , c i t e d i n Tugal, 1969). 
Pol l a k was able to demonstrate the presence of a secondary Cu anomaly 
over the Lahanos p y r i t i c , massive, ore body. Lithogeochemical i n v e s t i g a -
t i o n o f the d i s p e r s i o n of 25 elements, however, showed th a t i n the same 
area " primary geochemical anomalies are of doubtful value as 
i n d i c a t o r s of the exact l o c a t i o n of economic m i n e r a l i s a t i o n " (Tugal,1969, 
p.130). Cagatay (1977) i n v e s t i g a t e d the Cayeli area and showed th a t F, 
As, Pb, Zn and Cu have primary halos, w i t h high anomaly contrasts, i n 
the host rock around the m i n e r a l i s a t i o n . Cagatay suggested th a t the 
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concentrations of the geochemical i n d i c a t o r s increased s i g n i f i c a n t l y i n 
the d i r e c t i o n of massive sulphide m i n e r a l i s a t i o n and thus could be used 
as d i r e c t i o n a l vectors during d r i l l i n g programmes. 
8.3. A lithogeochemical survey i n the Harsit-Koprubasi mine area 
8.3.1 Method Pf Study 
115 surface samples and 17 near surface samples from borehole cores, 
located w i t h i n an area of 1000 m x 800 m were chemically analysed by 
X-ray fluorescence methods f o r S i , A l , Fe ( t o t a l ) , Mg, Ca, Na, K, Ti Mn, 
S, P, Ba, Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni and Cr. The a n a l y t i c a l 
techniques and data are presented i n Appendix 1. 
The o b j e c t of t h i s study was t o e s t a b l i s h the chemical v a r i a t i o n 
i n the l i t h o l o g i c a l u n i t s hosting, and o v e r l y i n g , the ore body, thus 
p r o v i d i n g i n f o r m a t i o n which would allow l o c a l i s a t i o n of the m i n e r a l i s a t i o n 
w i t h i n the a l t e r e d halo. I n chapter 7.3. the general features of the 
a l t e r a t i o n halo have been described w i t h Mg, Ca and possibly Na increasing 
w h i l e K decreases outwards from the ore body. 
Beus and G r i g o r i a n (1977) have suggested t h a t primary geochemical 
halos are detected and delineated w i t h the help of conventional techniques 
which are based on comparisons between the areas being studied and the 
background d i s t r i b u t i o n parameters of the element. I n order t o c a l c u l a t e 
these parameters, and t o determine the minimum anomalous content of a 
given element, selected background areas were chosen f o r every l i t h o l o g i c a l 
u n i t mapped i n the area. To avoid possible contamination from the 
m i n e r a l i s a t i o n , these background areas were chosen remote from known 
m i n e r a l i s a t i o n , care being taken t o ensure t h a t they were indeed f r e e 
from m i n e r a l i s a t i o n . 
Hawkes and Webb (1962) have i n d i c a t e d t h a t values greater than -x + 
2 s.d,(mean -i- 2 standard d e v i a t i o n s ) but less than x + 3 s.d. may be 
regarded as the lower l i m i t s of anomalous concentration. Siegel (1974, 
p.210) also pointed out t h a t although a f i g u r e of x 1 s.d. could be 
taken as the background value, the value of x -i- 2 s.d. more accurately 
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r e f l e c t e d the l i m i t of re g i o n a l and l o c a l f l u c t u a t i o n s , the threshold. 
Values corresponding t o x and 2.s.d or values above t h i s , must thus be 
considered as anomalous. The threshold values (x-t-2 s.d) of each 
l i t h o l o g i c a l u n i t are shown i n ta b l e 8.1 and, i n order t o emphasise the 
magnitude of the anomalous values, a r b i t r a r y l e v e l s of x + 5 s.d and x + 
20 s.d. are also shown. Siegel (1974) has suggested t h a t too few 
i n t e r v a l s can hide important c h a r a c t e r t i s t i c s i n the d i s t r i b u t i o n while 
too many i n t e r v a l s can also obscure the true d e t a i l s of a d i s t r i b u t i o n . 
Choice of optimum i n t e r v a l i s d i f f i c u l t . 
8.3.2 Primary halos i n u n i t s o v e r l y i n g massive ore bodies 
Ovchinnikov and Baranov (1971) have noted t h a t the r e l a t i v e size of 
the halo produced by a p a r t i c u l a r element depends s i g n i f i c a n t l y upon the 
concentration of t h a t element i n the ore. The d i s t r i b u t i o n of the 
elements S, Ba, Cu and Zn and of Fe and Mn are p l o t t e d i n Figures 8.1 t o 
8.6. The former group are the most abundant elements of the p o l y m e t a l l i c 
ore bodies w h i l e Mn (and Fe) represent the l a s t exhalates of volcanogenic 
a c t i v i t y i n a marine environment (c f . Whitehead,1973; Russell, 1974). 
Figures 8.1 t o 8.6 show t h a t two conspicuous geochemical halos are 
present. Anomaly A occurs over the known Harsit-Koprubasi deposit, 
described i n Chapter 5. A second halo, anomaly B, i s present however, 
f o r a l l elements, s i t u a t e d approximately 400 m S.W. of the a d i t and 
beyond the o u t l i n e of the concealed deposit. I t i s important to note 
t h a t , although both occur i n the same s t r a t i g r a p h i c a l u n i t , data f o r 
i n d i v i d u a l samples i n d i c a t e t h a t the two anomalies are not connected but 
are separate and d i c r e t e . Evaluation of these halos i s based on the 
abundance of the anomalous samples f o r most of the studied elements. 
The occurrence of anomalous samples f o r a s i n g l e element i s disregarded 
and may be due to possible contamination. This i s w e l l exemplified near 
Kaan T. where the Upper Volcanic Cycle rhyodacites (RYD), Eigures 8.3. and 
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8.4, show anomalous Cu and Zn values. These are uncjoubtedly r e l a t e d to 
secondary d i s p e r s i o n from a nearby s p o i l (F.G.), shown i n Figure 5.1. 
Both halos A and B f a l l s u b s t a n t i a l l y w i t h i n a s i n g l e horizon, the 
t u f f s and tuffaceous sedimentary s e r i e s . Younger volcanic u n i t s , such as 
the i n t r u s i v e d o l e r i t e s and rhyodacites of the Upper Volcanic Cycle 
p r e v i o u s l y considered t o be unrelated to m i n e r a l i s a t i o n , contain no 
d i s p e r s i o n patterns which can be r e l a t e d t o the m i n e r a l i s a t i o n . This 
f u r t h e r emphasises the co-eval nature of the m i n e r a l i s a t i o n and the host 
rock. 
Various applied geochemical studies i n the search f o r ore deposits 
show t h a t there i s no r e l i a b l e method to r e l a t e the i n t e n s i t y of an 
anomaly t o the tenor of m i n e r a l i s a t i o n although Beus and Grigorian (1977) 
have shown t h a t wider and more extensive halos u s u a l l y form around t h i c k 
ore bodies. I n order t o t e s t the v a l i d i t y of t h i s assumption and to 
e x p l a i n the i r r e g u l a r shape of halo A, which occurs over the H a r s i t -
Koprubasi deposit, the important c h a r a c t e r t i s t i c s of the concealed massive 
ore, such as thickness and depth t o the ore body, are shown i n Figures 
8,7(a) and 8.7(b) r e s p e c t i v e l y . Although the magnitude and d i s t r i b u t i o n 
of the halo i s c l o s e l y r e l a t e d t o the thickness of the massive ore, as 
shown f o r example approximately 100 m NW of the a d i t , the absence or 
weakness of the anomaly over the 10 m t h i c k massive ore to the WSW of the 
a d i t suggests t h a t the thickness of the overburden may also influence the 
d i s t r i b u t i o n of the anomalous samples. Figure 8.8 shows the thickness 
of the tuffaceous sedimentary s e r i e s . Although a separation between the 
t u f f s and the sediments was not established, i t i s clear t h a t the 
p r o p o r t i o n of tuffaceous m a t e r i a l decreases gr a d u a l l y upwards. Figure 
8.8 shows c l e a r l y t h a t t o the west of the a d i t the normal or weakly 
anomalous samples occur i n the t h i c k e r p arts of the u n i t . T h i s , i n t u r n , 
suggests t h a t the m i n e r a l i s a t i o n and subsequent dispersion of the elements 
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FIGURE 8.7(a): Thickness of the massive ore i n the Harsit-Koprubasi mine 

































































a M fa 
-188-
may predate the d e p o s i t i o n of the true sedimentary series (e.g.the marls). 
I n d i v i d u a l halos i n the host rock (R), i n general e x h i b i t the 
f o l l o w i n g w i d t h of di s p e r s i o n : I n decreasing order, Ba, S >• Cu > Z n > 
Fe > Mn (Figures 8.1 to 8.6). The r e l a t i v e abundance of the various 
elements i n the halo however d i f f e r s markedly between the host rock (R) 
and the o v e r l y i n g tuffaceous sedimentary s e r i e s . Ba, S, Zn, and to a 
less e r extent Cu, occur dominantly i n the host rock u n i t (R) (Figures 8.1 
to 8.4), whereas Fe and Mn are r e l a t i v e l y more abundant i n the tuffaceous 
sedimentary series (SS) (Figures 8.5 and 8.6) thus g i v i n g a crude v e r t i c a l 
zonation. I n chapter 5 evidence was given t o show that there i s a 
pronounced enrichment of Ba, Mh, Fe (and As) i n the hanging w a l l t u f f s 
and tuffaceous sedimentary s e r i e s . Due t o the s c a r c i t y of bore-hole 
core samples from t h a t horizon the data f a i l e d to show any useful p a t t e r n . 
The f l a t - l y i n g nature of the tuffaceous sedimentary series and hanging 
w a l l t u f f s suggest t h a t sampling across the topography can be used to 
i n v e s t i g a t e v e r t i c a l compositional v a r i a t i o n w i t h i n the halo. Figure 
8.9 shows t h a t i n halo B, anomalous l e v e l s of Mn and Fe occur at a higher 
top o g r a p h i c a l , and hence s t r a t i g r a p h i c a l , l e v e l than Ba. Co-variance 
between Ba and S ( i n b a r i t e ) r a t h e r than between Fe and S confirm t h a t 
t h i s Fe i s not i n a sulphide phase but more l i k e l y occuring as an oxide, 
together w i t h Mn. 
8.4 A lithogeochemical survey i n the Harkkoy mine area 
32 surface samples and 3 samples from near-surface from borehole 
cores i n a 1 km x 1 km area have been i n v e s t i g a t e d f o r Ba, Cu, Zn, Fe and 
Mn. The data are p l o t t e d i n Figures 8.10 to 8.14. A l l these elements 
show enrichments r e l a t i v e t o the background values i n the host rock (Rand RD) 
and the tuffaceous sedimentary series (SS). The absence of anomalous 
values i n the Lower Basic Series (LBS) and da c i t e (D) of the Lower 
Volcanic Cycle i s p a r t i c u l a r l y important i n t h a t i t imposes a l i m i t t o 
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Assessment of the d i s p e r s i o n p a t t e r n s i s d i f f i c u l t owing to the l i m i t e d 
knowledge of t h i s ore body. F i g u r e 5.9 i n d i c a t e s that e x p l o r a t i o n of the 
area by M.T.A. has been confined to the e a s t of Muna dere, near to the 
r h y o l i t i c dome. To the e a s t of the present borehole l o c a t i o n s (Figure 
8.10) and e a s t and nor t h e a s t of Myna Tepe, ho w e v e r , s i g n i f i c a n t anomalies 
occur ( F i g u r e s 8.10 to 8.14). This geochemical data, combined with the 
g e o l o g i c a l information presented i n Chapter 5.2.3, suggests that these may 
be promising areas i n which to s e a r c h f o r extensions of the Harkkoy ore 
body. 
Although a v e r t i c a l zonation of the anomalous samples has not been 
e s t a b l i s h e d i n the area, due to l i m i t e d s u r f a c e outcrops, Mn does appear 
to concentrate a t a higher s t r a t i g r a p h i c a l l e v e l than Ba (F i g u r e s 5.11.a 
and 5.11.C). I n t h i s r e s p e c t the anomalies show s i m i l a r i t y to anomaly 
B of the Harsit-Koprubasi mine ar e a . 
8.5 Summary and d i s c u s s i o n 
The l i t h o l o g i c a l u n i t s most a f f e c t e d by the m i n e r a l i s i n g f l u i d s are 
the host rock d a c i t i c , r h y o l i t i c l a v a t u f f and b r e c c i a (R) and the lower-
most p a r t of the o v e r l y i n g tuffaceous sedimentary s e r i e s ( S S ) . Both u n i t s , 
p a r t i c u l a r l y u n i t ( R ) , c o n t a i n much gr e a t e r abundances of the elements 
i n v o l v e d i n formation of the d i s p e r s i o n halos than do other u n i t s found 
i n the v i c i n i t y of the ore bodies which are considered to be unrelated 
to the m i n e r a l i s a t i o n . These l a t t e r would i n c l u d e other u n i t s of the 
Lower V o l c a n i c Cycle as seen a t Harkkoy, and u n i t s of the Upper Volcanic 
C y c l e a t H a r s i t - K o p r u b a s i . 
The s i z e and magnitude of the d i s p e r s i o n halo i s r e l a t e d to the 
t h i c k n e s s of the ore body, as proposed i n general by Reus and Gr i g o r i a n 
(1977). The magnitude of the anomaly however i s a l s o a f f e c t e d by the 
t h i c k n e s s of the overburden, p a r t i c u l a r l y the thi c k n e s s of the hanging w a l l 
t u f f a c e o u s sedimentary s e r i e s . The upwards decay of the anomaly w i t h i n 
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the l a t t e r i s f u r t h e r r e l a t e d to the upwards i n c r e a s e i n the sediment/ 
t u f f r a t i o away from the ore bodies. 
Within the lower l e v e l s of the tuffaceous sedimentary s e r i e s a Ba 
anomaly i s succeeded upwards by anomalies i n the l e v e l s of Fe and Mn / 
thus d e f i n i n g a v e r t i c a l chemical zonation. 
D i s p e r s i o n of a given element i s d i r e c t l y r e l a t e d to changes i n the 
i n t e r n a l e q u i l i b r i u m of the ore-forming s o l u t i o n s (Ovchinnikov and 
G r i g o r i a n , 1 9 7 1 ) . The m o b i l i t y of the ore metals i n a f l u i d t r a n s p o r t i n g 
medium g e n e r a l l y follows a sequence i n decreasing order; B a > C u > Z n > 
Fe >Mn ( S i e g e l , 1974; Beus and G r i g o r i a n , 1977). This i s c l o s e l y s i m i l a r 
to the s t a b i l i t i e s of these elements i n the complexes described by 
Barnes and Czamanski (1967). L a t e r a l d i s p e r s i o n of Ba would thus be 
more e x t e n s i v e than Mn, which y i e l d s the s m a l l e s t halo ( F i g u r e s 8.2 and 
8.6). I n the v e r t i c a l sense, however, the presence of Mn, with Fe, at 
higher s t r a t i g r a p h i c a l l e v e l s than Ba, Cu or Zn i s b e l i e v e d to be due to 
changes i n temperature, pH and o x i d a t i o n s t a t e of the ascending ore 
f l u i d s . I n the immediate v i c i n i t y of the sulphide deposition, i n the 
high temperature reducing environment, the pH i s low, while away from the 
s u l p h i d e zone c o n d i t i o n s become more o x i d i s i n g , weakly a c i d - a l k a l i n e and 
temperatures are lower (Chapter 7 ) . This enhances the p r e c i p i t a t i o n of 
Fe and Mn (Barnes and Czamanski,1967,p.366; Stanton,1972, p.463). The 
s o l u b i l i t y of b a r i t e i s only temperature.dependant. P r e c i p i t a t i o n of b a r i t e w i l l 
t h e r e f o r e take p l a c e on cooling from any temperature (Holland, 1967). 
Such c o o l i n g i s achieved as s o l u t i o n s move from the lower stockwork ore 
to the upper massive and b a r i t e ores ( F i g u r e 7.1) and b a r i t e w i l l t herefore 
be found near to the main ore body. The presence of Fe and Mn i n 
t u f f a c e o u s sediments above the Ba halo may be i n d i c a t i v e of p r e c i p i t a t i o n 
on the sea f l o o r . T h i s would produce the most e f f e c t i v e mixing of 
ascending o r e - f l u i d s with sea-water. The c o - e x i s t e n c e of the two 
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elements suggests t h a t they may have been contained i n the same s o l u t i o n , 
probably the ascending hydrothermal s o l u t i o n s , s i n c e according to Stanton 
(1972,p.463) " . . . i t appears v i r t u a l l y impossible to p r e c i p i t a t e manganese with-
out' p r e c i p i t a t i o n of i r o n , and v i c e v e r s a " . 
I n the e a s t e r n Pontids t y p i c a l e x h a l a t i v e d e p o s i t s a s s o c i a t e d with 
the s u l p h i d e ore d e p o s i t s , such as j a s p e r , ferruginous chert and i r o n 
formations, are not common. The d e t e c t i o n of Mn and Fe anomalies may thus 
y i e l d i n f o r m a t i o n on the l o c a t i o n of palaeo-hot-springs and underlying 
a s s o c i a t e d ore bodies, as e x e m p l i f i e d from the Harsit-Koprubasi and 
Harkkoy mines. The establishment of v e r t i c a l zonation would f u r t h e r 
provide way-up c r i t e r i a i n regions where other i n d i c a t i o n s are l a c k i n g or 
where the massive ores have a steep dip, as seen, for example, at C a y e l i . 
T h i s study has r e v e a l e d two anomalous regions, halos A and B, i n the 
H a r s i t - K o p r u b a s i a r e a . They may be considered to have o r i g i n a t e d by 
c l o s e l y simi>lar processes as both occur i n the same l i t h o l o g i c a l u n i t 
i n an i d e n t i c a l s t r u c t u r a l s e t t i n g . Halo B thus deserves s p e c i a l 
a t t e n t i o n i n the s e a r c h f o r extensions of the massive, concealed ore 
bodies of the Harsit-Koprubasi mine area. The form of the anomaly and 
the topography suggests that d r i l l i n g above and to the west of the 
p r e s e n t l y outcropping anomaly may be rewarding. 
On a somewhat more s p e c u l a t i v e b a s i s f u r t h e r i n v e s t i g a t i o n of the 
Mn occurrences shown i n F i g u r e 2.1 may be worthwhile. These may be 
r e f l e c t i o n s of the uppermost zone of d i s p e r s i o n halos r e l a t e d to concealed 
ore bodies. This would p a r t i c u l a r l y apply to Mn occurrences which show 
c l o s e s p a t i a l a s s o c i a t i o n to the dominant f a u l t p a t t e r n with which the host 




9.1 G e o l o g i c a l Conclusions 
The f o l l o w i n g c o n c l u s i o n s , worthy of p a r t i c u l a r a t t e n t i o n , may be 
drawn: 
1. Both p e t r o g r a p h i c a l l y and c h e m i c a l l y two v o l c a n i c c y c l e s can be 
c l e a r l y d i s t i n g u i s h e d . An Upper Cretaceous, t h o l e i i t i c s u i t e (the 
Lower V o l c a n i c C y c l e ) i s o v e r l a i n by an e a r l y T e r t i a r y , c a l c - a l k a l i n e . 
Upper V o l c a n i c C y c l e . This r e s u l t , i n p a r t , confirms observations i n 
the C a y e l i area by De Geoffrey (1960) that the Lower B a s i c S e r i e s are 
t h o l e i i t i c . 
2. P a l a e o n t o l o g i c a l and f i e l d r e l a t i o n s h i p s suggest that the Upper 
Cretaceous volcanism s t a r t e d i n a deep, marine environment which 
p e r s i s t e d throughout formation of the Lower Vo l c a n i c Cycle and most of 
the o v e r l y i n g Sedimentary S e r i e s . This was followed by a r a p i d shallowing 
of the water and the volcanism probably terminated under shallow water 
to s u b a e r i a l c o n d i t i o n s i n the e a r l y T e r t i a r y . 
3. The massive-type, p o l y m e t a l l i c m i n e r a l i s a t i o n of the study area i n 
p a r t i c u l a r , and i n the Pontids as a whole, i s a s s o c i a t e d with the f i n a l 
phase of the Lower V o l c a n i c Cycle, the d a c i t i c - r h y o l i t i c l a v a , t u f f and 
b r e c c i a . The host rock contains abundant p y r o c l a s t i c m a t e r i a l i n 
c o n t r a s t to other rocks of s i m i l a r composition i n the area, such as the 
d a c i t e s and the r h y o d a c i t e s . 
4. The host rock, and a s s o c i a t e d m i n e r a l i s a t i o n , show a strong s p a t i a l 
a s s o c i a t i o n w i t h the dominant f a u l t p a t t e r n i n the region. The i m p l i c a t i o n 
from such a s s o c i a t i o n i s that the f r a c t u r e system provided a channelway 
f o r magmatic a c t i v i t y and m i n e r a l i s i n g f l u i d s . 
5. Evidence presented above suggests that the m i n e r a l i s a t i o n predates 
the o v e r l y i n g sediments and that e r o s i o n of the underlying m i n e r a l i s e d 
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v o l c a n i c s was taki n g p l a c e simultaneous with sedimentation. There i s 
no evidence f o r d e r i v a t i o n of o r e - f l u i d s from igneous a c t i v i t y during 
the T e r t i a r y e r a . E q u a l l y , the unmineralised nature of the e a r l y 
d i f f e r e n t i a t e d members of the Lower Volcanic Cycle, the Lower B a s i c 
S e r i e s and the d a c i t e s , together w i t h a s s o c i a t e d limestones, r e s t r i c t s 
the m i n e r a l i s i n g episode to a short period of the f e l s i c , Upper Cretaceous 
volcanism. I t may be concluded t h a t d e p o s i t i o n of massive ore i n the 
Pontids i s co-eval w i t h the l a t e d a c i t i c - r h y o l i t i c volcanism of the Lower 
V o l c a n i c t h o l e i i t i c c y c l e . 
6. The m i n e r a l i s a t i o n i s c h a r a c t e r i s e d by a sequence i n which a 
predominantly q u a r t z - p y r i t e stockwork ore i s o v e r l a i n by massive ore 
c o n t a i n i n g galena, s p h a l e r i t e , c h a l c o p y r i t e , b a r i t e and s u l p h o s a l t s . 
T h i s i s , i n turn, o v e r l a i n by a horizon i n which b a r i t e i s dominant, 
followed by h e m a t i t i c and manganiferous t u f f s and sediments. The sequence 
bears c l o s e resemblance to the Kuroko dep o s i t s found i n the Miocene of 
Japan. 
7. I n the Harsit-Koprubasi mine area three separate massive ore 
horizons have been e l u c i d a t e d from study of borehole cores. One such 
h o r i z o n occurs a t the Harkkoy mine, although d r i l l i n g i n that v i c i n i t y 
i s much more l i m i t e d . The evidence from the Harsit-Koprubasi mine 
c l e a r l y p o i n t s to more than one pulse of m i n e r a l i s a t i o n . 
8. Volcanism and/or v o l c a n i c processes are thought to be resp o n s i b l e 
f o r the generation of the ore f l u i d s . Holland (1972) has re-emphasised 
the c l a s s i c a l theory t h a t m e t a l - r i c h f l u i d s are separated during the 
f i n a l stage of f r a c t i o n a t i o n and s o l i d i f i c a t i o n of s i l i c a t e magmas. 
Holland has demonstrated that ore metals are s t r o n g l y p a r t i t i o n e d .into 
the aqueous phase i n e q u i l i b r i u m with s i l i c a t e melts of g r a n i t i c 
composition. Under favourable conditions such metals "can be e x t r a c t e d 
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v i r t u a l l y q u a n t i t a t i v e l y from g r a n i t i c magmas". Such a g r a n i t i c melt 
can be the f i n a l product of a s u i t e that has evolved by f r a c t i o n a l 
c r y s t a l l i s a t i o n and may c a r r y enough base metals to y i e l d a p o t e n t i a l 
ore d e p o s i t . 
9. Various l i n e s of evidence suggest that the ascending magmatic ore 
s o l u t i o n s i n t e r a c t e d w i t h the sea-water. This process r e s u l t e d i n the 
exchange of various i o n s , i n a decrease i n temperature and s a l i n i t y , and 
i n an i n c r e a s e i n the o x i d a t i o n s t a t e and pH r e l a t i v e to the i n i t i a l 
composition of the magmatic f l u i d s . Changes i n temperature, pH and 
o x i d a t i o n s t a t e are e f f e c t i v e causes of ore dep o s i t i o n from s o l u t i o n s 
c a r r y i n g metals i n the va r i o u s sulphide, b i s u l p h i d e and/or c h l o r i d e 
complexes which might have been s t a b l e w i t h i n the l i m i t e d conditions of 
the i n i t i a l s o l u t i o n s (Helgeson,1964, 1969; Barnes and Czaraanski,1967). 
9.2 E x p l o r a t i o n guides 
The f o l l o w i n g g u i d e l i n e s may lead to dis c o v e r y and/or extension of 
ore bodies i n the region. 
1. E x p l o r a t i o n must be aimed at rocks comprising the terminal phase 
of the Lower V o l c a n i c C y c l e . S i n c e there i s no d i s c i p l i n e i n terminology 
i n the area, f o r p r a c t i c a l purposes a t t e n t i o n should be focused on 
a c i d i c v o l c a n i c rocks which are c h a r a c t e r i s e d by abundant p y r o c l a s t i c 
m a t e r i a l and are c l o s e l y r e l a t e d to the dominant f a u l t s d i r e c t i o n s . 
2. L o c a l i s a t i o n of the host-rock can be achieved through c a r e f u l 
s t r a t i g r a p h i c a l c o r r e l a t i o n , i n conjunction w i t h a study of the major 
lineaments. Conventional a e r i a l photographs may e f f e c t i v e l y be used to 
de t e c t the major f a u l t s . The f a u l t c o n t r o l l e d nature of the Black Sea 
c o a s t l i n e - ( F i g u r e 1.3) suggests that extension of these c o a s t a l lineaments 
may provide u s e f u l information. 
3. The d e t e c t i o n of v o l c a n i c c e n t r e s may be achieved through c a r e f u l 
l i t h o l o g i c a l a n a l y s e s of the p y r o c l a s t i c p i l e . The element p a i r s Nb-Zr 
and Mn-Fe would appear to be u s e f u l l i t h o l o g i c a l i n d i c a t o r s of such centres. 
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4. Host rock horizons, o u t l i n e d i n F i g u r e 2.1, r e q u i r e d e t a i l e d 
l i t h o g e o c h e m i c a l e x p l o r a t i o n f o r Mg, Na, K, Ca, S, Ba, Zn, Cu, Fe and 
Mn. Owing to the s m a l l s i z e of the orebodies, the survey must be made 
on a l o c a l s c a l e . Reconnaissance surveys, on a r e g i o n a l s c a l e , may 
overlook such small ore bodies ( c . f . C o l l e y , 1976). 
5. The ore-bodies u s u a l l y e x h i b i t a well-zoned a l t e r a t i o n halo• 
I d e n t i f i c a t i o n of mineral s p e c i e s together with bulk chemical v a r i a t i o n s 
w i t h i n the p y r o c l a s t i c s can be used as d i r e c t i o n a l v e c t o r s . Within the 
abundant, Mg^^ , Ca^^ and Na^ d e f i c i e n t , s e r i c i t i c assemblage 
(Assemblage I I , Chapter 7) the f o l l o w i n g sequence of elements can be used 
to determine the proximity of the ore-bodies. I n the host rock horizon, 
i n c l u d i n g the hanging w a l l t u f f s and tuffaceous sedimentary s e r i e s , the 
d i s p e r s i o n of the elements i s such that S, Ba > Cu,Zn > Mn, Fe. 
6. A r i s i n g from t h i s study, the f o l l o w i n g regions are considered to 
be p o t e n t i a l t a r g e t s for the d i s c o v e r y of b l i n d ore-deposits i n the 
northern H a r s i t r i v e r area: 
a. "Anomaly B", 400 m S.W. of the a d i t i n the Harsit-Koprubasi mine 
a r e a ( p . l 7 7 ) seems to be the most promising i n i t i a l t a r g et f o r d r i l l i n g . 
T his anomaly may w e l l r e p r e s e n t a f u r t h e r d i s c r e t e massive sulphide 
horizon, i n a d d i t i o n to the three horizons discovered so f a r by the 
d r i l l i n g programme. 
b. The anomaly p a t t e r n at Harkkoy, although l i m i t e d , suggests that 
f u r t h e r d r i l l i n g to the north and northeast of the p r e s e n t l y d r i l l e d area 
could extend the known l i m i t s of m i n e r a l i s a t i o n . 
c. The Mn occurrences i n the area a l s o c a l l for s p e c i a l a t t e n t i o n as they 
mark the l a s t e x h a l a t e s from palaeo-hot-springs and may thus be r e l a t e d to 
u n d e r l y i n g sulphide m i n e r a l i s a t i o n . 
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A.1.1 Sample preparation 
Hand specimens of v o l c a n i c rocks were cleaned of a l l f o r e i g n materials 
p r i o r t o crushing, and s p l i t i n t o coarse fragments of less than 5cm.. diameter 
Using a h y d r a u l i c rock s p l i t t e r . The fragments were then reduced to gravel 
size using a Sturtevant R o l l Jaw Crusher. The crushed sample was quartered 
and approximately 100 grams of the sample were ground i n a Tema Laboratory 
Disc M i l l , Model T.lOO w i t h a tungsten-carbide widia g r i n d i n g b a r r e l . 
The powders were stored i n sealed polythene bags. Bricquettes of the 
sample to be analysed were prepared by using a hyd r a u l i c ram operated at 8 
tons/sq. i n . Three to s i x drops of an i n e r t organic binding agent, Mowiol, 
were added to the powder p r i o r to compression. 
A.1.2 Analysis 
The b r i c q u e t t e samples were analysed on a P h i l i p s PW1212 automatic 
X-ray fluorescence spectrometer. A Cr tube i n vacuum was employed f o r a l l 
major elements except Mn. Trace elements and Mn were determined using W 
r a d i a t i o n . The accumulation of counts f o r the unknowns was based on a 
' f i x e d count' time f o r a monitor. This minimizes instrumental d r i f t due to 
e l e c t r o n i c i n s t a b i l i t y . Data handling was performed using a procedure 
described by Holland and B r i n d l e (1966). 
H2O and FeO were analysed wet chemically by Mr. R. Lambert of t h i s 
Department. Water i s d r i v e n o f f the specimen by heating to 1100-1200°C and 
flushed by n i t r o g e n through an absoprtion tube f i l l e d w i t h Ca CI2. The 
tube i s weighed before and a f t e r water absorption. FeO was determined f o r 
selected samples using the ammonium metavanadate method (Wilson, 1955). 
Of the trace elements, lead was determined d i f f e r e n t l y owing to the 
very strong i n t e r f e r e n c e of ASKo( on PbKo( i n the presence of both elements 
i n a sample. Standards used i n t h i s procedure were made by s p i k i n g a series 
fo As-free lead standards and a series of Pb-free arsenic standards, the 
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m a t r i x being uncontaminated r h y o l i t i c t u f f (Sample 284). Real Pb values 
were thus c a l c u l a t e d by reading the As value and i t s subsequent Pb equivalent 
Subtraction of t h i s l e v e l from the apparent Pb f i g u r e y i e l d s the r e a l Pb 
l e v e l s . 
Routine operating conditions f o r the X-ray spectrometer are given i n 
Table A.1.1. Lower l i m i t s of d e t e c t i o n (LLD) f o r trace elements are also 
presented i n Table A.1.1 together w i t h the upper l i m i t s of c a l i b r a t i o n (ULC), 
determined using a r h y o l i t i c t u f f m atrix ( sample 284) spiked w i t h c e r t a i n 
t r a c e elements. 
The major and trace element analyses and a v a i l a b l e norm c a l c u l a t i o n s are 
presented i n Tables A.1.2 and A.1.3, r e s p e c t i v e l y . 
Explanation f o r Tables A.1.2 . 
* I n percent ( i n l c u d i n g the major oxides), otherwise i n ppm. 
** Above the upper l i m i t s of c a l i b r a t i o n (ULC, see table A.1.1.) 
0 below the lower l i m i t of d e t e c t i o n . 
Not determined. 
H and HK, borehole core data f o r Harsit-Koprubasi and Harkkoy mines, 
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A.2.1 E l e c t r o n probe microanalysis 
The instrument employed during t h i s study was a Cambridge Instrument 
Company, "Geoscan Mark I I " e l e c t r o n microprobe, w i t h a take - o f f angle 75°. 
The polished ore-specimens were prepared by Mr. G. Randall of t h i s departmen 
and the m a t e r i a l to be analysed was chosen on the basis of minerology and 
t e x t u r e . 
The instrument was operated under a high vacuum, at an accele r a t i n g 
v o l t a g e of 20kV, and a specimen current of 0.04^A. The e l e c t r o n beam was 
kept focussed throughout, g i v i n g a spot analysis of diameter 2-5 j^M. 
E f f o r t s were made to standardize operating c o n d i t i o n s , i n order to 
avoid undue b i a s , and a l l the phases were analysed f o r the same elements 
under s i m i l a r c o n d i t i o n s . A n a l y t i c a l runs were made by counting f o r 5 (or 
more o f t e n 10) seconds counts on each standard and unknown peak and back-
grounds. This counting technique was applied to a l l unknowns as long as then 
was no i n t e r f e r i n g pulses on low (20-2°) or high (29+2°) 29 side of peak 
p o s i t i o n s . I n the presence of i n t e r f e r i n g element background counts were 
taken only on one side of the peak. 
Data from the "Geoscan" was corrected f o r the e f f e c t s of atomic 
number, mass absoprtion and fluorescence. This c o r r e c t i o n procedure was 
made using an o n - l i n e Varian 620-100 mi n i computer and the program (Tim 3) 
was devised by Dr. A. Peckett of t h i s department. 
The general analysing conditions f o r each element are shorni i n Table 
A.2.1. Detection l i m i t s f o r the trace elements i n Table A.2.1 are i n the 
order of 200-300 ppm, cal c u l a t e d from the given formula; 
3 
Tb 
LLD(%) = - ^ ^ 
LLD lower l i m i t of d e t e c t i o n 
M = mean peak counts/sec. 
Rb = Mean background counts/sec. 
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O v e r a l l accuracy f o r the major cons t i t u e n t s i s estimated to be + 2%. 
E l e c t r o n probe microanalysis f o r various sulphides were presented i n 
Chapter 6. 
A.2.2 X-ray d i f f r a c t i o n studies 
Hydrothermal a l t e r a t i o n products as w e l l as some ore and gangue minerals 
were determined by X-ray d i f f r a c t i o n a n a l y s i s , using a P h i l l i p s PW 1130 
generator and PW1050/25 high angle goniometer - d i f f r a c t i o n assemblage. 
X-ray d i f f r a c t o m e t e r . The samples were ground to -250 mesh and packed 
• e i t h e r i n aluminium metal holders ( c a v i t y mount) or smeared onto a glass 
s l i d e (smear mount). 
P r i o r to a n a l y s i s , p r e l i m i n a r y runs were made to obtain optimum cond-
i t i o n s of scanning speed, pulse height analysis and s l i t widths. The 
samples were scanned from 3-4 degrees to 70-80 degrees. The obtained d i f f -
r a c t i o n peaks were then converted t o d-spacings by means of conversion 
t a b l e s . 
I n order t o determine the dioctohedral or t r i o c t o h e d r a l nature of the 
clay minerals the 060 r e f l e c t i o n s were accurately measured by using i n t e r n a l 
standards. 
The optimum analysing conditions f o r the X-ray d i f f r a c t o m e t e r are shown 
i n Table k . 1 . 2 , below. 
Radiation: Co K o < , Cu Ko<.and Cr Kc< . 
S l i t s : 2°, 0.2°, 2°. 
Scanning r a t e : 1° - 2°/min. 
Counter : Sealed p r o p o r t i o n a l w i t h pulse height analysis. 
Operation: Ratemeter. 
Time constant: 4 sec. 
2 2 3 M u l t i p l i c a t i o n s f a c t o r : 2 x 10 , 4 x 10 , 1 x 10 cps. 
